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CHAPTER I 
INTRODUCTION 

GENERAL INTRODUCTION 
In our modem world men and woman spend a considerable 
part of their time to look after their hair and an increasing 
amount of money to buy hair care products. Many people visi­
ting a dermatologist ask for help because of hair loss, 
excessive hair growth or oily hair, and regard the cure 
thereof essential for life quality. The great emotional sig­
nificance of growth and presence of scalp hair was already 
recognized in antiquity. Prescriptions for cosmetic improve­
ment of hair and treatment of hair disease date back over 
thousands of years to the Egyptians and Babylonians. The 
Greek philosopher Aristotle (330 ВС) made a contribution to 
the study of hair by writing a treatise on hair growth. He 
supposed that the presence and shape of hair is related to 
the condition of the skin from which it onpinates. Thick 
skin situated over body parts containing large amounts of 
fluid (e.g. the brain) would give rise to long hairs. 
For a long time hair growth was mostly subject for in­
vestigation by zoologists. Still, a considerable part of our 
basic knowledge on human hair goes back to findings from 
research on wool. Moreover, hairs have engaged dermatologists 
in research of the growth and differentiation process that 
finally results in the characteristic "hard keratin" that 
forms them (see Orfanos ιί αι., 19Я1). 
A new function has gained prominence in the last few 
years and this is the v/alue of hair as a medical indicator. 
Especially the study of hair abnormalities in association 
with genetic disorders has stimulated research into the 
factors involved in hair structure, color, growth, distribu­
tion, implantation and metabolism (Montagna and Filis, 1958). 
According to Porter and Lobitz (1970), hair abnormalities 
are seen in several groups of genetic disorders including 
inborn errors of metabolism (Moser
 (t al., 1967, Rauschkolb 
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et ai. , 1968), chromosome defects (Berg et al., 1967; Smith et 
al., 1963), and ectodermal disorders (Salamon et al., 1972). 
For practical diagnostic purposes hair has been used for 
determination of blood groups (Gramer and Tausch, 1973; 
Kimura and Yokoyama, 1969), and electrolytes and metals 
(Kopito et al., 1972; Lin et al., 1971). After the introduction 
of the hair follicle as a biopsy material for chromosome 
studies (Daker, 1970; Schmid, 1967; Sperling, 1971) it was 
increas:nglyused as an enzyme source for molecular diagnosis 
in inborn errors of metabolism. 
This thesis presents new methods, employing plucked 
human scalp hair follicles, that render this convenient 
biopsy material more widely applicable in biomedical research 
and diagnosis. For easy reference, some morphological and 
other aspects of hair will be discussed here. Furthermore, 
a brief review of the recently developed technology in epi-
dermal cell culture is included in this introduction. 
The hazr growth cycle. 
Hair follicles do not grow infinitely. They undergo a 
continuous change between growth and rest. At the end of the 
resting stage the hair comes off and a new follicle begins 
to grow. The hair growth cycle was discovered by Dry (1926), 
Butcher (1934) and Durward and Rudall (1949), and clarified 
by Chase (1954). It can be divided into three stages (see 
Fig. 1): the anagen phase (phase of active proliferation), 
the catagen phase (a transitional phase characterized by 
cessation of active proliferation and by club hair formation) 
and the telogen (final) or resting stage. After this stage 
the hair cycle starts all over again. The cycles of growth 
and rest of hair vary in different follicles and in different 
regions of the body. In man, each follicle has its own cycle 
of growth, more or less independent of neighbouring ones. The 
quiescent periods of individual follicles may be very short, 
as in those of the scalp, the beard and the axilla, or very 
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Fig. 1. Diagram of the hair growth cycle. 
long as in those of the general body surface. 
In the normal human scalp, there are 80 to 85% of hairs in 
anagen, 1 to 2% in catagen, and 10 to 20% in telogen (Pinkus, 
1981). Therefore, practically all the hairs plucked from a 
normal human scalp are in anagen. Catagen is a rare finding, 
and an occasional follicle may be in telogen. 
Morphology of the anagen hair follicle. 
Hair follicles in the anagen phase are fairly simple 
organs which consist primarily of sleeves of epithelium con-
tinuous with the surface epidermis. Follicles grow slanted 
into the dermis, and the base of the longer ones extends 
below the level of the dermis into the panniculus adiposus. 
The follicle attains its greatest diameter at the base, where 
it is dilated into a clávate bulb. Inside the bulb there is 
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an egg-shaped cavity completely filled with loose connective 
tissue, the dermal papilla. Together with the hair matrix, 
the lower part of the bulb, the dermal papilla forms the 
business end of the hair. Human scalp hairs, if more than 
100 i±m in diameter, have a medulla, all of them have a thick 
more or less pigmented cortex, surrounded by a cuticle and 
encased in three layers of internal root sheath. All this 
material forms on the hair matrix and moves upward at the 
rather uniform speed of 0.3-0.4 mm a day (Myers and Hamil-
ton, 1951). The hair and internal root sheath are embedded 
in the multilayered outer root sheath or tnchilemma. 
Tnchilemmal cells move inward and upward and eventually 
keratinize and are shed just below the opening of the seba-
ceous gland duct (Pinkus, 1969). Outside the outer root 
sheath is a hyaline "glassy" membrane. The entire follicle 
is surrounded by a connective tissue sheath, which is actu-
ally a continuation of the papillary body of the dermis and 
is attached to the dermal papilla at the base of the follicle. 
In this way, the hair follicle is not in contact with the 
fibrous reticular layer of the dermis, but is separated 
from it by the connective tissue sheath. 
The outer root cheath. 
The thickness of the outer root sheath is uneven, cau-
sing the hair to be more or less eccentric in the follicle. 
At the level of the sebaceous gland and above, the outer 
root sheath is indistinguishable from the surface epidermis, 
below the sebaceous glands the cells contain large amounts 
of glycogen, and appear vacuolated. The cells in the middle 
third of the follicle, which contain more glycogen than those 
elsewhere, are reduced to flimsy, spongy sacs. 
The outer root sheath extends all the way to the tip of the 
bulb, around which it is composed of two layers of greatly 
flattened cells. Just above the bulb the outer root sheath 
attains three layers. It becomes plunstratifled and attains 
its greatest thickness a third of the way up the follicle. 
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At this point nearly all of the cells are riddled with vacu-
oles, with the exception of those in the axial border. The 
peripheral cells are tall columnar and oriented perpendicular 
to the axis of the follicle. In the upper third of the folli-
cle, none of the cells of the outer root sheath are highly 
vacuolated and the peripheral cells are cuboidal. The peri-
pheral columnar cells in the lower half of the follicle 
possess minute basal cytoplasmic processes which push later-
ally through the thickened glassy membrane, best developed 
in the region just above the bulb. The peripheral cells in 
the upper third of the follicle have a fairly smooth base. 
Plucking of scalp hair follicles. 
At the completion of its growth cycle, a follicle forms 
a club hair above the bulb, and the bulb largely degenerates 
(Fig. 1). The club becomes surrounded by 2 to 3 layers of 
partially keratinized cells in the shape of a capsule, around 
which is a variably thick epithelial sac of indifferent epi-
dermal cells. Below the epithelial sac, where the bulb was 
localized, is a strand of undifferentiated cells. The cells 
surrounding the club hair and those in the epithelial strand 
originate from the middle of the outer root sheath (Parakkal, 
1970). These cells comprise the hair germ. Since they are the 
seed for the next generation of hair, the germ cells are the 
most important part of the resting follicle. The telogen or 
resting follicle can be regarded as an inactive embryonal 
state capable of regeneration. When the club hairs are 
plucked, new hairs begin to grow at once; clipping or shaving 
have no effect on growth. The time required for human folli-
cles to regrow hairs varies from 147 days for the hairs of 
the scalp to 61 days for those of the eyebrow (Myers and 
Hamilton, 1951). 
When a growing hair is plucked from the scalp, usually 
nearly all of the lower half of the follicle is pulled out 
simultaneously. The recovery period of such follicles is 
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Fig. Drawing of a plucked anagen 
scalp hair follicle (x40). 
necessarily very long. Plucked scalp hair follicles in the 
anagen phase (Fig. 2) contain a hair shaft, inner root sheath 
and cuticle layers, most of the outer root sheath and the 
upper half of the bulb, devoid of the dermal papilla. The 
outer root sheath is cleaved at the inner side of the glassy 
membrane, resulting in a frayed appearance in longitudinal 
sections. It attains its widest diameter at two-thirds from 
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the skin surface. The lower third of the external root sheath 
usually is not extracted. The remainders of the sebaceous 
gland duct represent the upper limit of the tissue extracted 
upon plucking of anagen scalp hair follicles. 
Cultivation of human epidermal keratinocytps. 
The multilayered mammalian epidermis is composed of 
predominantly one single cell type, the keratinocyte. The 
basal cells, separated from the underlying dermis by a 
basement membrane, can divide and thus give rise to progeny, 
some of which no longer divide but move upward from the 
basal layer, terminally differentiate, and eventually are 
shed. The major structural protein of mammalian epidermis is 
keratin and it exists in the cells in the form of filaments 
(tonofilaments) about 8 nm in diameter. A solubilized form, 
prekeratin (Maltoltsy, 1964, 1965) has been isolated and 
extensively studied. It consists of a dimer of three-stran­
ded subunits (Skerrow, 1974) each of which contains a-helical 
regions (Skerrow et al., 1973). The polypeptide chains of 
each subunit have reported molecular weights ranging from 
46 000 to 68 000 (Baden et al., 1873; Steinert and Idler, 1975). 
The prekeratins are considered to be the structural building 
blocks of the keratin filaments. Keratins are synthesized in 
increasing amounts in the keratinocytes as they move towards 
the stratum corneum. Cross-linking of the keratins by the 
formation of intermolecular disulfide bonds (Sun and Green, 
1978) occurs as a terminal step in keratinization and stabi­
lizes the tonofilament structure in the fully differentiated 
cells. 
During keratinization the plasma membrane of the epidermal 
cell makes a smooth change from the trilamellar "unit mem­
brane" structure, rich in phospholipids, to a trilaminar 
membrane with a thickened inner leaflet in which the protein 
is stabilized by extensive t-(γ-glutamyl)lysine cross-linking 
and which is devoid of phospholipids. The fatty acids from 
19 
the degraded phospholipids probably provide the sole energy 
source for metabolic reactions in the final stages of kera-
timzation (Anastasia and Conley, 1977). 
The tendency of the keratmocyte to stratify and termi­
nally differentiate is retained m vitro , even in the absence 
of instructive information from the connective tissue stroma 
(Flaxman et al., 1967). This renders m cell culture the 
keratmocyte a fastidious cell type. Until twenty years ago 
it was impossible to grow epidermal cells in culture, but 
since then techniques have evolved rapidly. Farly methods 
utilized skin expiants to yield an epidermal skirt which 
persisted up to several weeks and provided a valuable system 
for studies upon keratmocyte maturation and the effect of 
certain drugs on cell growth (Karasek, 1966, Flaxman et al. , 
1967). Subsequently, techniques were developed for the cul­
tivation of biochemically and/or mechanically dissociated 
keratinocytes, enabling the quantitative investigation of 
epidermal growth and differentiation (Cruickshank et al., 
1960, Briggaman et al., 1967, Yuspa et al., 1970, Fusenig and 
Worst, 1974). However, high inoculation densities were re­
quired for the generation of successful keratmocyte cultures. 
In addition, the lifespan of the cells was limited, and 
fibroblast overgrowth continued to be a major problem. 
It is not likely that plastic is an ideal substrate for epi­
dermal cells in culture. Indeed, Karasek and Charlton (1971) 
found that the modification of the culture dish surface by 
collagen coating enhanced attachment and growth of keratino­
cytes in vitro . In vivo , the cells grow and differentiate on 
dermal connective tissue, which іч rich in collagen. However, 
the reticular dermis is chiefly collagen type I (Uitto and 
Eisen, 19/9) while the basement membrane consists mainly of 
collagen IV (Kefalides et αι., 1979). Also /η vitro , epidermal 
cells attach preferentially to this type of collagen (Murray 
et al. , 19/9). Régnier et al. (1981) developed a technique for 
the cultivation of dissociated epidermal сеііь onto de-epider-
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mized human skin. The basal lamina was kept in place and as 
such a Substrate for the cells. In these cultures several 
markers of keratinization are found, e.g. complex keratohy-
alin granules, which are not usually found in cultures made 
on plastic. Maintenance of the cultures at the culture 
medium-air interface induced even more complete differentia­
tion. This "in vivo -like" differentiation was also found by 
Breitkreutz et ai.(1980) and Doran et al.(1980) who demonstra­
ted the reappearance of large keratins (63 000 to 68 000), 
normally present in the stratum corneum of the epidermis, 
but not in cultures grown on plastic (Fuchs and Green, 1978, 
1980; Steinert and Yuspa, 1978; Sun and Green, 1978), after 
transplantation of cultured epidermal keratinocytes to athy-
mic mice. Terminal differentiation is therefore induced by 
dermal substrates, although the mode of action is still 
poorly understood. 
A major breakthrough with respect to cell proliferation 
was achieved by Rheinwald and Green (1975), who developed a 
feeder-cell technique using gamma-irradiated ЭТЗ cells (Swiss 
mouse) for cocuitivation with the keratinocytes. In these 
cultures the keratinocytes grew from single cells into macro­
scopic colonies, thereby displacing the 3T3 cells. Growth of 
contaminating skin fibroblasts, which are difficult to remove 
completely (Hentzer and Kobayasi, 1975; Milo et al., 1980), 
was suppressed, and the keratinocytes could be serially sub-
cultured. However, terminal differentiation of the cells is 
still apparent and probably due to this process colony-forming 
efficiency on transfer is lower than that of fibroblasts. The 
mammalian cell cycle over the years has become rather soli­
dified as a generality from the cultured fibroblast model. 
A cell type such as the keratinocyte might not enter a rever­
sible 0 0 state at confluence, but instead might terminally 
differentiate when its growth rate slows. Keratinocytes de­
rived from foreskin of newborn humans could be serially cul­
tivated in the presence of 3T3 cells through a total of 50 
cell generations. This period could substantially be extended 
21 
if epidermal growth factor, a mitogenic polypeptide isolated 
from murine submaxillary glands (Savage and Cohen, 1972), was 
added. Yet, the keratmocytes of older donors continued to 
express a reduced culture lifetime (Rheinwald and Green, 1977). 
The functions provided specifically by a fibroblast feeder 
layer that permit clonal growth of keratmocytes are still 
not completely defined, but include substratum modification 
and medium "conditioning" (Rheinwald, 1980). The 3T3 feeder-
cells, m addition to interstitial procollagens and fibronec-
tin, produce basement membrane collagen (type IV) and laminin, 
that may facilitate adhesion and spreading of the keratmocy­
tes (Alitalo et al., 1982). In recent years, it became possi­
ble to subcultivate keratmocytes without the presence of 
3T3 feeder-cells. This was either accomplished on fibronectin 
coated plastic in serum-free medium 199 supplemented with 
hormones, among which epidermal growth factor and bovine 
brain extract are the most potent (Gilchrest ь£ al., 1980; 
Maciag et al., 1981; Gilchrest et al., 1982), or on plastic 
by the use of a defined medium, of which the low concentra­
tion of calcium is an important factor (Tsao et al., 1982). 
From these studies it is also apparent, that brain-derived 
growth factors are important mitogens for keratmocytes m 
vttro . It is not yet known whether the active component(s) 
present in bovine brain extract (Maciag et al., 1981), m 
bovine pituitary extract (Peehl and Ham, 1980), and in 
bovine retinal extract (Bamtault et al., 1981) are identical. 
Also, it is not known whether such mitogens have any relevance 
to epidermal keratmocytes in υτυο . But if they have, they 
could conceivably be available from the peripheral nervous 
system or from neural ly-denved cells in the skin, possible 
local sources of growth factors (Gilchrest et al., 1982). In 
this respect, the close association of adrenergic nerve 
endmgs with basal cells in guinea pig skin, demonstrated 
by electron microscopy, is an interesting finding (Mihara 
et al. , 1982) . 
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Fig. 3. The basement membrane of the skin. 
The basement membrane as a growth substrate in vitro. 
In vivo , epithelial cells grow and differentiate on a 
distinct matrix, the basement membrane, which separates them 
from the underlying connective tissue stroma (Vracko, 1974). 
Ultrastructurally, basement membranes are composed of an 
electron-dense layer called lamina densa or basal lamina, 
and of an electron-lucid layer called the lamina lucida. 
In addition, the dermo-epidermal junction contains several 
specialized structures which contribute to anchor the epi­
dermis to the dermis (Briggaman and Wheeler, 1975; Daroczy 
et al. , 1979 ) . 
Biochemically, basement membranes are composed of many con­
stituents such as collagen, fibronectin, laminin and heparan-
sulfate proteoglycan (Spiro, 1978; Timpl et al. , 1981; Spiro 
and Parthasarathy, 1982; Kefalides, 1973; Kefalides et al., 
1979; Kanwar and Farquhar, 1979; Heathcote et al., 1980). 
Collagen type IV is localized in the basal lamina of the 
human epidermo-dermal junction (Yaoita et al., 1978), while 
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the bulk of fibronectin is localized below the basal lamina 
(Fyrand, 1979; Foidart and Yaar, 1981). Laminin is supposed 
to be localized in the lamina lucida (Foidart Pt al., 1980), 
as well as heparansulfate proteoglycan (Kleinman et al., 1981; 
Stanley et al., 1982) (see Fig. 3). 
Collagen has been used frequently for establishing pri-
mary cultures since most normal epithelial cells will attach 
more efficiently to collagen than to glass or plastic sub-
strates (Cailleau, 1975). This is true despite the fact that 
basement membrane collagen (type IV collagen) is genetically 
distinct from the collagen typically used in cell culture 
(type I). A method for the isolation of large quantities of 
type IV collagen has recently been developed (Orkin et al., 
1977; Timpl et al., 1978), enabling cell attachment assays. 
Epidermal cells appeared to attach to type IV collagen in 
preference to other types (Murray et al., 1979), an attach-
ment that can possibly even be improved through the use of 
laminin as intermediary (Terranova et al., 1980). The fact 
that epidermal cells that selectively adhere to collagen are 
the basal epidermal cells (Stanley et al., 1980) suggests 
that this attachment is important in maintaining prolifera-
tive capacity and perhaps in preventing terminal differen-
tiation (Mornsey and Green, 1978). 
It seems likely that a basement membrane consisting of 
integrated collagen, proteoglycan and non-collagenous glyco-
protein molecules could provide a more physiological basis 
for studying the attachment of epidermal cells to substrate 
than collagen-coated surfaces. However, so far only very 
small fragments of basement membrane could be isolated from 
skin (Heaphy and Winkelmann, 1977; Scaletta et al., 1978). 
The harsh methods used in the extraction procedures impede 
the subsequent use for tissue culture purposes. The method 
of Régnier et al. (1981) using de-epidermized strips of skin 
with adherent basal lamina, although very useful in morpho-
logical studies, is less suitable in biochemical studies, in 
view of the remaining enzyme activities in this substratum. 
24 
Several basement membranes are e x c e p t i o n a l l y t h i c k , namely 
rena l g lomeru la r basement membrane, the basement membrane 
of the cornea (Descemet ' s membrane) and t h a t of the l e n s 
capsu le and R e i c h e r t ' s membrane of the r a t p a r i e t a l yolk s a c . 
These membranes have been i s o l a t e d and used e x t e n s i v e l y in 
s t u d i e s of basement membrane compos i t ion . 
The a n t e r i o r p a r t of the bovine eye l ens c a p s u l e r e p r e -
s e n t s the basement membrane fo r l e n s c e l l s in vivo . Also in 
vitro the l e n s capsu le i s a good s u b s t r a t e for t h e s e c e l l s 
as can be concluded from the f i nd ing t h a t the b i o s y n t h e s i s 
of c r y s t a l l i n s i s p r e s e r v e d in c e l l s growing on c a p s u l e s but 
not in c e l l s on p l a s t i c (Vermorken et al., 1977, 1978) . 
A c u l t u r e d i sh to hold the capsu le was developed in our 
l a b o r a t o r y t h a t a l lowed the s tudy of the i n t e r a c t i o n of l e n s 
e p i t h e l i a l c e l l s wi th the s u b s t r a t e (Hukkelhoven et al., 1980) . 
Because of i t s r e l a t i v e l y s imple i s o l a t i o n procedure the 
l ens capsule could a l s o r o u t i n e l y be employed as a growth 
s u b s t r a t e fo r o t h e r e p i t h e l i a l c e l l s , in casu for k e r a t i n o -
c y t e s o r i g i n a t i n g from a s c a l p h a i r f o l l i c l e . This forms the 
major i n n o v a t i v e a s p e c t of t h i s t h e s i s and the complete p r o -
cedure i s shown in f i g u r e 4 . 
Fig. 4 (over lea f ) . Ser ies of p i c tu res showing the complt-te proce-
dure for the use of the bovine eye lens capsule as a cu l tu re sub-
s t r a t e for ha i r f o l l i c l e ke ra t inocy tes . 
Figs . 1 - 8 i so l a t i on of the lens capsule (an te r ior p a r t ) . 
Figs . 9 - 1 6 . mounting of the cu l tu re dish (Epicul t , both lens cap-
sules and the cu l tu re dish are now commercially ava i l ab le from 
Sanbio, Nis te l rode , The Netherlands) . 
The lens capsule , from which the lens c e l l s had been removed by 
somcat ion , i s spread on a piece of f o i l . This i s placed on the 
bottom par t of the dish in such a manner that the capsule i s s i t u -
ated over the cen t ra l opening. Then the cyl inder i s placed on the 
bottom and forced through the opening by gentle press ing of the 
upper par t of the d ish . The pa r t s are fixed together by means of 
four screws. The mounted dish i s preincubated with cu l tu re medium 
for a t l e a s t 24 hours a f t e r which a ha i r f o l l i c l e i s simply placed 
on the lens capsule . The g lass centre of the l id allows microsco-
pic examination of the cu l tu re under s t e r i l e condi t ions . 
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INTRODUCTION TO THE CHAPTERS 
Anagen phase scalp hair follicles are a very convenient 
human biopsy material. For this reason they appear particu-
larly useful for population studies. The first investigators 
which became interested in the application of plucked hair 
follicles for diagnostic purposes were geneticists. In an 
increasing amount of studies the hair follicle was used as 
an enzyme source for molecular diagnosis in inborn errors of 
metabolism. An inborn error of metabolism is a genetically 
determined enzyme defect leading to a metabolic block that 
may have pathological consequences (Garrod, 1902). The majo-
rity of inborn errors of metabolism are inherited as autoso-
mal recessive diseases, but there are also several X-linked 
recessive inborn errors of metabolism. "X-linked" means that 
the defective gene is on the X chromosome. A male individual 
with only one X chromosome will suffer from the defect if 
there is a mutated gene on that X chromosome. "Recessive" 
in this context means that, in females, only homozygotes 
will display the disease, whereas heterozygotes will not. In 
practice mainly males will suffer from this type of inborn 
error. On the level of enzyme activity, cells from a mutant 
male will be deficient, as will be cells from a homozygous 
mutant female. Heterozygotes (in X-linked inborn errors only 
females) will show intermediate activities between mutant 
and normal. In female cells one of the two X chromosomes is 
not active. This X chromosome inactivation occurs early in 
embryonic life and it is assumed that inactivation of the 
paternal or maternal X chromosome is at random (lyon, 1961). 
Consequently, the somatic cells from a female, heterozygous 
for an X-linked enzyme defect, will constitute a mosaic of 
normal and mutant cells. At the molecular level this leads 
to an intermediate enzyme activity in the overall cell popu-
lation because approximately half of the cells will display 
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normal enzyme activity, whereas the other half will not. If 
the X chromosome inactivation is not at random, a deviation 
from the fifty-fifty distribution will occur. 
According to Gartler et al. (1969) X chromosome inactivation 
of the cells of the scalp is not at random, but distributed 
patchwise. The scalp hair follicle seems particularly suita­
ble for heterozygote detection in X-linked inborn errors of 
metabolism since it originates from only a few cells. There­
fore, the probability of obtaining a follicle with only one 
of the X-linked alleles being expressed is relatively high. 
Consequently, deficient, normal and intermediate enzyme acti­
vities will be found in hair follicles from individuals, 
heterozygous for an X-linked inborn error. 
Heterozygote detection using hair follicles was done in the 
Lesch-Nyhan syndrome, associated with a deficiency of hypo-
xanthine guanine phosphonbosyltransferase (Gartler et al. , 
1971; Franke et αι., 1973, De Bruyn et αι., 1974), in mucopoly­
saccharidosis type II (Hunter disease), associated with a 
deficiency of the lysosomal enzyme iduronate sulfatase 
(Yutaka et al., 1978; Nwokoro and Neufeld, 1979), and in 
glucose-6-phosphate dehydrogenase deficiency, associated 
with a decreased integrity of the erythrocyte membrane, that 
can no longer resist to certain drugs, causing acute hemo­
lytic anemia (Vermorken et αι., 1979, 198?; Miguel <ι αι., 
1983). 
Chapter II forms the basis for heterozygote detection 
of yet another X-linked enzyme deficiency, habry's disease 
or Angiokeratoma corporis diffusum, in hair follicles. In 
this inborn error of metabolism a-galactosidase A is deficient. 
This results in the accumulation of ceramide trihexosides and, 
to a certain extent, of other glycol ipids w:thin the Ivsosomes 
in many tissues (Sweeley and Klionski, 1963). In our study 
we searched for a reference enzyme for u-galactosidase, in 
order to correct for different hair follicle sizes. The 
localization of this reference enzyme should closely match 
that of a-galactosidase. 
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Although the hair follicle was a suitable tissue for 
diagnosis of inborn errors of metabolism, further applica-
tions as for example for determination of diseases that 
manifest themselves in the cytoskeleton or in chromosome 
aberrations not leading to enzyme defects, was still limited. 
The following chapters in this thesis are ment to provide 
the basis to extend the applicability of the hair follicle 
as a biopsy material for these approaches. 
In all methods for diagnosis of inborn errors of meta-
bolism in hair follicles, the enzyme of interest was deter-
mined in an extract of plucked hair follicles, obtained by 
five times freezing and thawing in water. Part of the cyto-
skeletal proteins was also suspected to be present in this 
fraction. Therefore, a more profound study on proteins and 
protein synthesis of hair follicles in general was desirable. 
Special attention was given to the water-soluble proteins 
mentioned above. In chapter III a study on protein biosyn-
thesis m plucked human scalp hair follicles is described, 
using water and urea to solubilize most of the hair follicle 
protein. In chapter IV the isolation and identification of 
actin, a major protein of the water-soluble fraction, is 
reported. 
Chapter V describes the successful cultivation of kera-
tinocytes, originating from the outer root sheath of scalp 
hair follicles, using the bovine eye lens capsule as a growth 
substrate. Subsequent characterization of the cellular pro-
teins and protein biosynthesis is presented m chapter VI. 
The specific differentiation pattern of primary cultures, 
established on lens capsules, was assessed by light and elec-
tron microscopy and is described in chapter VII. 
Subcultivation of the cells by transplantation of fragments 
of proliferating primary cultures onto new lens capsules 
appeared to be possible. This technique is included in chap-
ter VIII. 
Chapter IX contains the procedure of serial cultivation 
of keratinocytes, originating from a single hair follicle. 
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The "feeder-cell" technique of Rheinwald and Green (1975) 
was used for subcultivation of primary cultures growing on 
lens capsules. In this way, the hair follicle-denved kera-
tinocytes became accessible for immunofluorescence studies 
and allowed cryogenic storage. 
Moreover, a large amount of cells could be generated and the 
culture technique provides enough metaphases for chromosome 
studies as is described in chapter X. 
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CHAPTER II 
FABRY'S DISEASE: BIOCHEMICAL AND 
HISTOCHEMICAL STUDIES ON HAIR ROOTS 
FOR CARRIER DETECTION 

FABRY'S DISEASE: BIOCHEMICAL AND HISTOCHEMICAL STUDIES 
ON HAIR ROOTS FOR CARRIER DETECTION 
SUMMARY 
A method to assay u-galactosidase and acid phosphatase 
activities in single hair roots is described. Enzyme histo-
chemical studies show that the distribution of acid phospha­
tase in the human hair root matches that of a-galactosidase. 
Histochemically, the main activity is located in the upper 
part of the sheath near the orifice of the duct of the seba­
ceous gland. This is confirmed by enzyme assays on different 
parts of the hair root after dissection. The variation in 
the values found in individual hai г roots is improved by 
relating a-galactosidase to acid phosphatase activities. 
Storage experiments indicate a remarkable stability o^ both 
a-galactosidase and acid phosphatase in human hair roots. 
INTRODUCTION 
Fabry's disease is caused by a ceramide tnhexosidase 
deficiency. The ceramide tnhexosidase involved is an acid 
a-galactosidase. Deficiency of this enzyme causes an accumu­
lation of ceramide tnhexosides and, to a certain extent, of 
other glycolipids within the lysosomes in many tissues 
(Sweeley and Klionsky, 1963). Fabry's disease can, therefore, 
be classified as a lysosomal storage disease. 
A method for heterozygote detection in Fabry's disease 
using hair roots has recently been described by Grimm et al. 
(1976). These authors demonstrated that the hair root is a 
suitable organ for heterozygote detection in this X-linked 
disorder. However, the method employed is both time-consuming 
and complicated. To correct for different hair root sizes 
they assayed both a-galactosidase activity and the protein 
content of single hair roots. For protein determination 
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overnight staining followed by destaining (6 hours) and scan­
ning of the gel is involved, while for enzyme activity deter­
mination a photograph of the gel has to be scanned. 
In this paper an easy and rapid method to measure 
a-galactosidase and acid phosphatase activities in a single 
hair root is described. Histochemical studies are reported 
showing that acid phosphatase is a suitable reference enzyme 
with respect to a-galactosidase, thus obviating protein esti­
mation in single hair roots. After dissecting the hair root, 
a-galactosidase and acid phosphatase activities were assayed 
in different parts of the hair root and compared with the 
histochemically demonstrated enzyme distribution. 
MATERIALS AND METHODS 
Enzyme assays on szngle ha%r rootb. 
Human hair roots were plucked from several areas of the 
scalp, and those with visible bulb and sheath were cut off 
just above the sheath and immediately immersed in 60 μ.1 dis­
tilled water containing 0.1% bovine serum albumin. After 
freezing (-200C) and thawing 5 times, aliquots were taken 
for the enzyme assays. 
a-Galactosidase: the reaction was started by the addition of 
20 μ.1 of the hair root lysate to 20 μΐ 14 mM 4-methylumbelli-
feryl-a-D-galactoside in 0.2 M citrate-phosphate buffer 
pH 4.6 (freshly prepared by heating to 400C followed by 
sonification to dissolve the substrate). The reaction mixture 
was incubated for 4 hours at 37°C. 
Acid phosphatase: 20 μ.1 of the hair root lysate was added to 
20 μΐ 25 mM 4-methylumbelliferyl phosphate in 0.3 M citrate-
phosphate buffer pH 5.0. Due to the acidity of 4-methylum-
belliferyl phosphate the final pH was 4.7. The reaction was 
allowed to proceed for 30 min at 370C. 
Both reactions were terminated by the addition of 400 μ.1 
0.1 M ethylene diamine buffer, pH 11.4. The fluorescence was 
measured in a MPF-4 Perkin-Elmer fluorescence spectrophoto-
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meter at 445 nm after excitation at 360 nm. 
Enzyme asbays on dbssected каъг roots. 
Freshly obtained human hair roots were dissected into 
4 parts by cutting them through the middle of the bulb, just 
below the sheath, through the middle of the sheath, and just 
above the sheath. The 4 parts of the hair root are referred 
to as matrix, upper bulb, lower sheath and upper sheath. The 
a-galactosidase and acid phosphatase activities in these 
sections of the human hair root were measured by the method 
described above. 
Enzyme hbstochemistry on human hair roots and monkey зкгп Ъъорзгеь. 
Human hair roots were plucked from the scalp, oriented 
for longitudinal sectioning in a saturated aqueous solution 
of methyl-carboxycellulose, and chilled with CO2 gas. 
Skin biopsies were taken from the scalp of a monkey 
(Macaca mulatta) and frozen in isopentane by chilling with 
a methanol-solid CO? mixture (-700C). The skin biopsies were 
stored in a freezer at -960C until use. 
Sections were cut at 10 μη with a Walter Dittes cryostat 
(-250C), taking care that longitudinal sections of human or 
monkey hair roots were obtained. 
a-Galactosidase activity was detected using the semi­
permeable membrane method described by Lojda et al. (1976). 
The sections were incubated for 2 hours at 37 0C, and mounted 
in glycerin-gelatin. 
Acid phosphatase activity was demonstrated histochemi-
cally by the method of Meyer (1972). After 1 hour incubation 
at 370C, 2% glutaraldehyde in cacodylate buffer (0.4 M, 
pH 7.3) was used for postfixation, haematoxylin for counter-
staining (15 min), and Euparal for mounting the slices. 
Storage experiment 
Hair follicles obtained from one person were kept at 
room temperature without any special precaution. At inter­
vals enzyme assays were performed during a period of 21 days. 
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RESULTS 
The α-galactosidase activity in the hair roots of man 
and monkey was found to be restricted histochemically to the 
inner part of the outer root sheath in the area surrounding 
the opening of the duct of the sebaceous gland (see Fig. 
lb, с and d). Acid phosphatase activity is located in the 
papilla and in the lower region of the cortex of the hair 
up to the site of transition of the matrix into the kerati­
nized hair cuticle. The main enzyme activity, however, is 
localized in the inner part of the external root sheath both 
in man and monkey (Fig. la, e and f). In the external sheath 
especially marked acid phosphatase activity is observed near 
the opening of the duct of the sebaceous gland. 
Dissection of the hair root followed by biochemical 
enzyme assay confirms that the activities of both enzymes 
are mainly located in the upper region of the hair follicle. 
Table 1 presents the relative activities of the two enzymes 
in 4 sections of the human hair root. The upper sheath con­
tains 54% and 79% of the α-galactosidase and acid phospha­
tase activities, respectively. 
Table 1 
Relative amounts of enzyme a c t i v i t y in 
d i f fe rent p a r t s of microdissected h a i r 
roots 
Acid phosphatase u-Galactosidase 
(%) (%) 
Matrix 3 7 
Upper bulb 6 11 
Lower sheath 12 28 
Upper sheath 79 54 
In Table 2 the r e s u l t s of the measurements on 121 i n d i ­
v i d u a l h a i r r o o t s taken from 8 h e a l t h y p e r s o n s are summari­
zed. Although the extreme ranges for both α - g a l a c t o s i d a s e and 
ac id p h o s p h a t a s e a c t i v i t i e s were r a t h e r wide (hitjhftst observed 
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Fig. 1. (a) Human hair (χ 24 ). Localization of acid phospha­
tase. h, Hair shaft; the arrows indicate the sites of acid 
phosphatase activity, (b) Skin of the scalp of a monkey (χ 100). 
h, Hair shaft; s, sebaceous gland; e, epidermis; the arrows 
indicate the sites of a-galactosidase activity, (c) Human hair 
(xlOO). Localization of a-galactosidase. h. Hair shaft; s, ex­
cretory duct of sebaceous gland, (d) Human hair (χ 240 ). Loca­
lization of a-galactosidase. Detail of the opening of the ex­
cretory duct (see arrow), (e and f) Skin of the scalp of a 
monkey (xl20). The arrow indicates the sites of acid phospha­
tase activity. Same area; (e) interference filter adjusted to 
transmit the red light fraction, (f) Filter adjusted to absorb 
and so accentuate the location of the red reaction product. 
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values/ lowest observed values of 9.1 and 17.1, respectively), 
the corresponding range for the ratios of these two enzymes 
was appreciably narrower (highest observed value/ lowest 
observed value of 5.8). 
The effect of storing human hair follicles at room tem­
perature for 21 days is shown in Table 3. 
Table 2 
Results of the measurements on 121 hair roots from 8 persons 
No. 
hair 
a-Galactosidase* Acid phosphatase* 
Control Sex roots Mean s.d. Mean s.d. 
a-Galactosidase 
Acid phosphatase 
Mean s.d. 
20 
19 
20 
10 
11 
20 
10 
11 
0.31 
0.42 
0.38 
0.52 
0.27 
0.53 
0.49 
0.40 
0.12 
0.16 
0.14 
0.27 
0.11 
0.14 
0.17 
0.11 
9.0 
16.2 
9.1 
22 
10 
17 
11 
12 
3.0 
6.2 
4.3 
9.3 
4.0 
5.1 
4.1 
2.5 
0.034 
0.026 
0.042 
0.023 
0.028 
0.031 
0.043 
0.033 
0.008 
0.005 
0.009 
0.008 
0.008 
0.007 
0.009 
0.010 
•Expressed in nmol/hair root/hour 
Table 3 
Effect of storing human hair roots at room temperature: On each day 
10 individual hair roots obtained from one person were measured 
Day 
0 
1 
4 
7 
14 
21 
o-Galactosidase* 
Mean 
0.54 
0.51 
0.45 
0.58 
0.42 
0.34 
s.d. 
0.17 
0.18 
0.09 
0.11 
0.14 
0.11 
Acid phosph 
Mean 
17.3 
12.5 
15.0 
15.0 
11.2 
5.8 
atase* 
s.d. 
4.7 
4.6 
2.3 
3.5 
1.8 
0.6 
a-Gal 
Acid 
Mean 
0.032 
0.042 
0.034 
0.040 
0.037 
0.055 
ас 
ph. 
tosidase 
usphatase 
s.d. 
0.007 
0.009 
0.006 
0.010 
0.009 
0.017 
•Expressed in nmol/hair root/hour 
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DISCUSSION 
The hair root constitutes a complicated organ consisting 
of different sub-structures and cell types. Consequently, 
enzyme activities are not necessarily distributed equally 
over the whole hair follicle, but may be located in defined 
parts of it. If different enzymes are to be assayed in single 
hair roots, and to be expressed in relation to one another 
in order to correct for differences in hair root sizes, both 
enzymes should preferably have the same distribution because 
there is no guarantee that all sub-structures are present in 
any individual hair root obtained by plucking. 
The present enzyme histochemical and biochemical studies 
show that the main activity of both a-galactosidase and acid 
phosphatase is located in the upper part of the sheath near 
the orifice of the sebaceous gland duct. In fact, acid phos-
phatase was selected as a reference enzyme for a-galactosi-
dase, since histochemical studies of several other enzymes 
revealed that the distribution of acid phosphatase matched 
most closely that of a-galactosidase. 
As a consequence of X chromosome inactivation (Lyon, 
1961) in a female heterozygous of Fabry's disease a mosaicism 
of a-galactosidase positive and negative cells can be expec-
ted. Due to the clonal origin of human hair follicles this 
mosaicism can be demonstrated by hair root analysis in X-
linked disorders (Gartler et al., 1971; de Bruyn rt al., 1974). 
The ranges found after measurements on 121 individual 
normal hair roots (Table 2) show that there is considerably 
more variation in acid phosphatase activity (highest value/ 
lowest value ratio 17.1) than in a-galactosidase activity 
(highest value/ lowest value ratio 9.1). Nevertheless, the 
variation in a-galactosidase/ acid phosphatase activity is 
rather lower (highest value/ lowest value ratio 5.8). For 
the purpose of carrier detection by means of hair root ana-
lysis in Fabry's disease, it is desirable to have a range of 
normal values as delimited as possible. 
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The results of the storage experiment (Table 3) indicate 
an ana7:ng stability of a-galactosidase and acid phosphatase 
in human hair roots. This is in agreement with the findings 
of Hosli et аЦ1977) with hexosaminidase A and B, and opens 
up interesting possibilities for the mailing of hair roots 
for diagnostic and screening purposes. 
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CHAPTER III 
PROTEIN BIOSYNTHESIS IN ISOLATED HUMAN 
SCALP HAIR FOLLICLES 

PROTEIN BIOSYNTHESIS IN ISOLATED 
HUMAN SCALP HAIR FOLLICLES 
SUMMARY 
The present study demonstrates that protein biosynthe-
sis can be studied in single isolated human scalp hair fol-
licles. The matrix and the sheath are the main regions where 
amino acids are built in. Incorporation is linear for at 
least five hours. The newly synthesized proteins can be 
separated into a water-soluble , a urea-soluble and a urea-
insoluble fraction. Product analysis has been performed on 
the first two fractions, revealing different protein patterns. 
INTRODUCTION 
The human hair follicle is one of the few systems that 
can be used for the study of protein biosynthesis and : ts 
regulation in humans. 
More than 90% of the dry weight of hair is keratin. 
This protein forms a supermolecule by cross-bonding of more 
than 100 different components. Its boundary is limited only 
by the size of the keratinocyte itself (Fraser et al. , 1972; 
Spearman, 1977). The organized supermolecular structure of 
hair keratin is probably due to bonding together of modified 
cytoplasmic protein rather than to a specific keratin syn-
thetic process (Jarrett, 1973). Nevertheless, keratin is not 
a completely random mixture of proteins, since intensive 
selection during evolution has produced a protein complex 
having unique physical properties: hairs are the most durable 
structures produced by the body (Brothwell and Spearman, 
1963). 
Studying the biosynthesis of hair follicle protein, 
investigations on the synthesis of the constituent polypep-
tides can clearly be separated from investigations concerning 
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the posttranslational events occurring during keratinization. 
The solubility of the proteins of the hair root differs 
markedly from those of the hair shaft since the keratiniza-
tion process is still in an early phase. Whereas hair kera-
tin m insoluble in aqueous salt solutions, in weak acids or 
alkalies, and in saturated neutral urea solutions (Maltoltsy, 
1958), cells of the keratogenous zone show moderate swelling 
in distilled water, and are dissociated in saturated urea 
when the hydrogen bonds of prekeratin are opened (Mercer, 
1949). Histochemical studies show that -S-S- bonds are not 
yet formed. The prekeratin contains only free -SH groups in 
large quantities (Barnett and Seligman, 1953; Hardy, 1952; 
Montagna et al. , 1954). 
Protein fractionation procedures used for the hair 
shaft (Fraser et al. , 1972) which are too complicated for 
protein biosynthetic studies in individual hair roots can be 
avoided, since most of the hair root protein can be solubi-
lized in water and urea. 
In this paper we describe a study on protein biosynthe-
sis in isolated human scalp hair follicles. Protein fractio-
nation has been performed analogous to the methods described 
for lens proteins (Bloemendal, 1977). 
MATERIALS AND METHODS 
Chermoals. 
L-[35S]methionine (spec. act. 400 Ci/mmol) was purchased 
from the Radiochemical Centre (Amersham, England). Newborn 
calf serum was obtained from Flow. 
Tissue préparâtгоп. 
Human hair roots were plucked from several areas of the 
scalp and only those in the anagen phase, with visible bulb 
area and sheath were used. 
Labeling of hair roots. 
Hair roots were labeled with 1 μΟι L-[35S]methionine per 
50 μ.1 labeling medium (Dulbecco's Modified Eagles Medium, 
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supplemented with 100 I.U. per ml penicillin, 50 ^g per ml 
streptomycin and 20% dialysed calf serum and amino acids 
except for methionine). 
Estimation of radioactivity. 
Radioactivity was estimated by precipitation of the 
labeled protein fractions with 10% tnchloro acetic acid on 
Millipore filters. The filters were dried for 10 min at 800C 
and counted in a Packard liquid scintillation counter after 
addition of the scintillation liquid (10 ml of toluene con-
taining 40 mg PPO (2,5-diphenyl oxazol) and 1 mg POPOP 
(1,4-di-2-(5-phenyl oxazolyl)-benzene) per liter). 
Polyacrylamide gel electrophoresis. 
Analyses were performed by sodium dodecylsulfate Poly-
acrylamide gel electrophoresis according to Laemmli (1970) 
with the modification that a gel slab instead of gel rods 
was used. The gel was 12 cm long and contained 13% acryl-
amide, 0.4% methylene-bisacrylamide, 0.1% sodium dodecyl 
sulfate and 0.1 M dithiothreitol. In this method a stacking 
gel was applied. 
Staining and destaining were performed as described by 
Weber and Osborn (1969). Gels were processed for autoradio-
graphy. For the detection of the labeled proteins the proce-
dure of Bonner and Laskey (1974) was used in combination 
with the drying procedure described by Berns and Bloemendal 
(1974). The amount of protein was estimated according to the 
method of Lowry et al. (1951). 
Localisation of radioactwity in the ha%r jollicle. 
After labeling, hair roots were oriented for longitudi-
nal sectioning in a saturated aqueous solution of methyl-
carboxycellulose and chilled with CO2 gas. Sections were cut 
at 10 microns with a Walter Dittes cryostat (-250C) taking 
care that longitudinal sections were obtained. The sections 
were dipped in a Kodak photographic emulsion and exposed at 
40C. 
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RESULTS 
Protein fractionation. 
A w a t e r - s o l u b l e p r o t e i n f r a c t i o n was e x t r a c t e d from t h e 
h a i r f o l l i c l e s by f i v e t i m e s f r e e z i n g ( - 2 0 0 C ) a n d t h a w i n g i n 
w a t e r . No more p r o t e i n was e l u t e d a f t e r t h e f i f t h e x t r a c t i o n . 
The o b t a i n e d s u s p e n s i o n was c e n t r i f u g e d a t 15 000 g . When 
t h e s u p e r n a t a n t was s u b j e c t e d t o s o d i u m d o d e c y l s u l f a t e g e l 
e l e c t r o p h o r e s i s , a p a t t e r n was o b t a i n e d a s shown i n f i g . l a . 
Fig. 1. Sodium dodecylsul fate Poly­
acrylamide gel e l e c t r o p h o r e t i c p a t t e r n 
of ext racted h a i r root p r o t e i n . 
(a) Water-soluble p r o t e i n f rac t ion 
obtained by five times freezing (-200C) 
and thawing in water. 
(b) P a t t e r n of the following marker 
p r o t e i n s : bovine serum albumin (67 000), 
ovalbumin (45 000), ca l f lens BBla 
(32 000) and cytochrome С (12 500). 
(c) Urea-soluble p r o t e i n f r a c t i o n 
obtained by immersion of the water-ex­
t r a c t e d h a i r r o o t s in 6 M urea, pH 7.8, 
for 1 hour a t room temperature. 
ЪА 
The pattern is characterized by two major components with 
molecular weights of approximately 31000 and 42 000, and 
by a spectrum of minor bands varying in molecular weight 
between 13 000 and 100 000. 
The pellet of the water-soluble fraction and the rest 
of the hair root were then immersed in 6 M urea, pH 7.8, 
for 1 hour at room temperature. When the resulting protein 
solution was subjected to sodium dodecylsulfate gel electro-
phoresis a pattern as shown in fig. 1c was obtained. It is 
evident that a completely different class of polypeptides 
is extracted with urea than with water. The amount of pro-
tein extracted with urea appeared to be four times as high 
as that extracted with water. After urea-extraction most of 
the hair bulb, the sheath and part of the keratogenous zone 
were solubilized. More protein (about 30%) can be dissolved 
in sodium dodecylsulfate, but this material cannot be satis-
factorily separated into the constituent polypeptides. 
Incorporâtъоп of [3hSjrr¡ethzonine. 
When ha:г follicles were incubated at 370C in incuba­
tion medium containing [ 35S]methionine, incorporation of this 
labeled amino acid appeared to be linear during 5 hours (see 
fig. 2). Thereafter an average of 75 000 dpm was incorpo­
rated per hair follicle. When the hairs were incubated at 
00C, only 3 000 dpm were incorporated indicating the enzy­
matic nature of the incorporation reaction. Addition to the 
incubation medium of the protein synthesis inhibitor cyclo-
heximide in a concentration of 100 (ig/ml reduced the incor­
poration by 95%. In contrast, addition of chloramphenicol 
in the same concentration, did not cause any inhibition, 
showing that no bacterial protein synthesis did occur. These 
observations prove that protein synthesis does occur in the 
isolated hair follicles. 
Product analysis of the syntheszzed protein. 
When after incubation of hair follicles with [3SS]methi-
onine a water-soluble protein fraction was isolated and 
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Fig. 2. Incorporat ion of [ 3 5S]methionine i n t o t r i c h l o r o a c e t i c 
acid p r e c i p i t a b l e m a t e r i a l . Pr ior to TCA-precipitation the incu­
bated h a i r r o o t s were extracted with 0.1 N potassium hydroxide, 
a t room temperature for 1 hour. 
o-o incubation a t 370C 
·—· incubation a t 370C in the presence of 100 Ц£/т1 cycloheximide 
(mean values of 4 h a i r roots) 
χ—χ incubation a t 00C (mean values of 4 h a i r r o o t s ) . 
s u b j e c t e d t o sodium d o d e c y l s u l f a t e ge l e l e c t r o p h o r e s i s i t 
became e v i d e n t t h a t a lmost a l l of t h e h a i r p o l y p e p t i d e s 
i n c o r p o r a t e d the r a d i o a c t i v e amino a c i d ( see f i g . 3 a ) . 
The same i s a l s o t r u e f o r the u r e a - s o l u b l e f r a c t i o n (see 
f i g . 3 b ) . 
In t a b l e l a i t i s shown t h a t f i ve t imes f r e e z i n g and 
thawing removes a l l w a t e r - s o l u b l e r a d i o a c t i v i t y from the 
h a i r f o l l i c l e s . From t a b l e lb i t can be concluded t h a t u r e a 
l i b e r a t e s f i v e t imes more r a d i o a c t i v i t y than water does . 
About 30% of the i n c o r p o r a t e d r a d i o a c t i v i t y remained i n s o ­
l u b l e a f t e r water and u r e a e x t r a c t i o n . 
/ о 
5 0 -
25 -
О о 
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Fig. 3. Sodium dodecylsulfate Polyacrylamide gel electropho-
retic pattern of water and urea extracted hair root protein. 
(a) Water-soluble protein fraction as in fig. la. 
(b) Urea-soluble protein fraction as in fig. 1c. 
(a') and (b1) Picture of autoradiograph after exposure for 3 days. 
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Table ld 
Trichloro acetic acid precipitatile 
radioactivity extracted from 5 hair 
roots by freezing and thawing 
1 χ 9 200 dpm 
2 χ 3 900 dpm 
3 χ 610 dpm 
4 χ 450 dpm 
5 χ 175 dpm 
The hair roots were incubated for 
1 hour in labeling medium supple­
mented with [35S]methionine. 
Table lb 
Trichloro a c e t i c acid precipitatale r a d i o a c t i v i t y extracted 
from h a i r roots with 
water (by five times freezing and thawing) 2 700 dpm/hair 
6 M urea, pH 7.8 ( a t room temperature for 
1 hour) 12 500 dpm/hair 
0.1% sodium dodecylsulfate (a t room 
temperature for 1 hour) 15 600 dpm/hair 
The h a i r root s were incubated for 1 hour in label ing 
medium supplemented with [ 3 5 S]methionine. 
Localization of the incorporated l^^Sjmethionine 
Autoradiography of l o n g i t u d i n a l s e c t i o n s of h a i r f o l ­
l i c l e s , incubated in a [ 3 5 S ] m e t h i o n i n e c o n t a i n i n g medium 
d e m o n s t r a t e s t h a t r a d i o a c t i v i t y was i n c o r p o r a t e d in the 
lower p a r t of the bulbus and p r e f e r e n t i a l l y in the o u t e r 
r o o t s h e a t h (see f i g . 4). These r e s u l t s were confirmed by 
p r o d u c t a n a l y s i s of d i s s e c t e d l a b e l e d h a i r r o o t s . Seventy-
f i v e h a i r r o o t s were d i s s e c t e d i n t o lower bu lb , upper b u l b , 
o u t e r r o o t s h e a t h and s h a f t . In f i g . 5 product a n a l y s i s of 
t h e w a t e r - s o l u b l e p r o t e i n s of the d i f f e r e n t p a r t s of the 
h a i r r o o t s i s shown. I t i s obvious t h a t much more p r o t e i n 
was e x t r a c t e d from the o u t e r r o o t s h e a t h than from the o t h e r 
f r a c t i o n s (only 20 s h e a t h s were used for the p r o t e i n p a t t e r n ) . 
A very low amount of p r o t e i n was e x t r a c t e d from the s h a f t . 
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Fig. 4. Longitudinal section of a 
hair root after autoradiography. 
Incubation in [35S]methionine con-
taining medium for 2 hours was 
followed by exposure for 4 weeks. 
m = matrix 
b = bulbus 
s = sheath 
h = hair shaft 
The arrows indicate the sites of 
highest incorporation of radio-
activity. 
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a b e d 
42 
31 
Fig. 5. Sodium dociecylsulfate Polyacrylamide gel electrophoretic pattern 
of water-extracted protein fractions from 75 hair shafts (a), 20 sheaths 
(b), 75 upper bulbi (с), 75 matrices (d) and 20 intact hair roots (e). 
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The two major p o l y p e p t i d e s ( a p p r o x . 42 000 and 31 000) were 
p r e s e n t in a l l f r a c t i o n s e x c e p t t h e s h a f t f r a c t i o n . However, 
the r e l a t i v e amount of s e v e r a l p o l y p e p t i d e s d i f f e r e d in the 
d i f f e r e n t f r a c t i o n s . The c o r r e s p o n d i n g r a d i o a c t i v i t y d i s t r i ­
b u t i o n p a t t e r n i s shown in f i g . 6. 
Э О С Fig. 6. Autoradiograph of sodium dodecyl-
sulfate Polyacrylamide gel electrophoresis 
of water extracted protein fractions from 
(a) 20 sheaths 
(b) 75 upper bulbi 
(c) 75 matrices 
bl 
Apparently radioactivity was incorporated to a high extent 
in the outer root sheath, to a lower extent in the lower 
bulb and to an almost negligible amount in the upper bulb, 
m accordance with the autoradiography of the longitudinal 
sections of the hair follicles. 
DISCUSSION 
The hair follicle has proven to be a very useful tissue 
for detection of heterozygotes in several inherited diseases 
(De Bruyn el al. , 1979). Therefore knowledge of the bioche-
mistry of hair protein synthesis is not only of importance 
for a better understanding of factors influencing hair growth 
but it may also promote further progress in the field of 
heterozygote detection. 
Several investigations have been undertaken to study 
protein biosynthesis in hair (Harkness and Bern, 1957; Rijder, 
1958, Downes et al. , 1962, 1963, Freedberg, 1970a,b; Steinert 
and Rogers, 1971; Clarke and Rogers, 1970). However, the 
methods used were not applicable to human hair. In some stu-
dies experimental animals have been injected with radioactive 
amino acids (Harkness and Bern, 1957; Rijder, 1958; Downes 
et al., 1962, 1963). In others large amounts of hair roots 
were isolated using the wax sheet or latex paint method in 
order to study orotein synthesis in cell-free systems 
(Freedberg, 1970 a,b; Steinert and Rogers, 1971; Clarke and 
Rogers, 1970). 
Up till recently, methods for studying protein biosyn-
thesis were too harsh to enable the study of this process in 
individual hair roots. However, as we have shown in this pa-
per, scintillation autoradiography and the simpJe method for 
hair root protein fractionation have largely improved the 
sensitivity of the detection of newly synthesized polypepti-
des. Our results open up the possibility to studying dc novo 
synthesis and characterization of individual hair proteins. 
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ISOLATION AND CHARACTERIZATION OF ACTIN 
FROM HUMAN HAIR FOLLICLES 
SUMMARY 
The water-soluble and water-insoluble fractions of 
human scaJp hair follicles have been studied by sodium 
dodecylsulfate gel electrophoresis. The former fraction is 
characterized by two major polypeptides of 31 000 and 42 000 
molecular weight, respectively. Co-electrophoresis with 
skeletal muscle actin and affinity chromatography on DNAse-
I-Sepharose columns revealed that the 42 000 dalton compo­
nent behaves like actin. This protein has also been obtained 
in a radioactive form after incubation of human hair folli­
cles with L35S]methionine. 
Hair follicle actm is also found in the water-insoluble 
fraction indicating that this protein, like in other tissues, 
may exist in a G(lobular) and F(ilamentous) form. F-actin is 
mainly located in the elongation zone while G-actin is rather 
evenly distributed in different parts of the follicle (bulb, 
elongation zone and sheath). 
INTRODUCTION 
Proteins of the hair follicle have been studied exten­
sively (Fraser et al., 1972; Jarrett, 1973). However, atten­
tion has mainly been focused on keratin, a giant molecule 
that forms >9Q0/- of the dry weight of hair, and which is 
insoluble in aqueous salt solutions. The water-soluble com­
ponents of the hair have be^n generally neglected. In the 
hair follicle, about 10°/ of the protein is water-soluble 
(Vermorken ft αι., 1978). A new, simple method for hair pro­
tein fractionation was develooed (Vermorken f' al., 1978). 
Combination of this procedure with scintillation autoradio­
graphy enabled detection of newly synthesized polypeptides 
69 
in human hair follicles. Here, we show that one of the major 
components of both the water-soluble and -insoluble fraction 
from hair follicles is actin. We demonstrate that actin is 
newly synthesized when hair follicles are incubated under 
appropriate conditions. 
MATERIALS AND METHODS 
Chermcals. 
L-[35c! Jmethionine (spec. act. 1000 Ci/mmol) was purcha­
sed from the Radiochemical Centre (Amersham). Fetal calf 
serum was obtained from Sera Labs (Sussex). DNAse-I recrys-
tallized, from bovine pancreas (Sigma) was used. Guanidine-
HC1 was acquired from Merck. Sepharose 4B was purchased 
from pharmacia (Uppsala). Cyanogenbromide was obtained from 
Kodak. 
Hair protein fracttonatzon. 
Human hair follicles were plucked from the scalp and 
only those in the anagen phase with visible bulb and sheath 
were used. They were labeled with [ 35SJmethionine (10 цСі/тІ 
labeling medium: Dulbecco's Modified Eagles Medium with 
airnno acids except for methionine, supplemented with SO (ig/ml 
gentamycin and 10"/ dialyzed fetal calf serum). A water-solu­
ble protein fraction was extracted from the hair follicles 
by five times freezing (-200C) and thawing in water. The 
obtained suspension was centnfuged at 15 000 g and the super­
natant was used as water-soluble protein fraction. A urea-
soluble protein fraction was obtained by extracting the 
remaining material with 8 M urea, pH 8.6, for 15 min at 
room temperature. The suspension was centnfuged at 50 000 g 
for 30 min and the supernatant was used. 
Affinity chromatography of hair follicle act m on DNAoe-I-Sepharose IB. 
A DNAse-I-Sepharose 4B column was prepared by activa­
tion of 25 g Sepharose 4P WJth 4 g cyanogenbromide. DWAse-I 
(20 mg) was added to the activated slurry and stirred over­
night. After a thorough washing of the DWAse-substituted 
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Sepharose, 5 ml slurry was poured in a column and prewashed 
with 4 M guanidine-HCl, 0.5 V sodium acetate, SO?* glycerol, 
followed by 0.01 M Tris-HCl (pH 7.5), 5 mM CaCl2 (Kibbelaar 
et al., 1979). The water-soluble fraction of hair follicle 
proteins was applied to the column. Unabsorbed material was 
washed off at a flow rate of 2 ml/5 min with 0.01 M Tris-HCl 
(pH 7.5), 5 mV CaClj. The absorbed proteins were eluted from 
the affinity column in two steps: 0.75 M guanidine-HCl, 
0.5 M sodium acetate, 30% glycerol and 3.0 M guanidine-HCl, 
1.0 M sodium acetate, 30?' glycerol, respectively. 
The fractions obtained from the column were dialyzed against 
distilled water and, after lyophilization, analyzed by Poly­
acrylamide gel electrophoresis as for hair follicle proteins 
(Vermerken et al., 1978). 
Two-dimensional Polyacrylamide gel electrophoresis. 
Water- and urea-soluble proteins extracted from hair 
follicles were separated by two-dimensional gel electropho­
resis as described by O'Farrell (1975) with slight modifi­
cations. Isoelectric focusing was done in 120 χ 2 mm gels 
for 16 hours at 400 V and 1 hour at 1000 V. Gels were remo­
ved from the glass tubes, equilibrated for 30 min at room 
temperature in 1 ml sample buffer (2% sodium dodecylsulfate 
(SDS), 5% B-mercaptoethanol, 10% glycerol, 0.01% bromophenol 
blue), and transferred onto a SDS-polyacrylamide gel slab 
(120x150x0.5 mm)(Laemmli, 1970). 
RESULTS 
The water-soluble protein fraction from isolated human 
scalp hair follicles comprises about 10% of their total 
protein content. Treatment of the remaining water-insoluble 
material with 8 M urea solubilizes a further 30% of the 
protein. The SDS-polyacrylamide gel electrophoretic pattern 
of both fractions is shown in fig. 1. The water-soluble 
fraction is characterized by two major components with app. 
molecular weight 31 000 and 42 000. Co-electrophoresis of 
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Fig. 1. SDS gel electrophoretic pattern of water-soluble 
hair follicle protein (a) and urea-soluble hair follicle 
protein (b). Hair follicles were incubated in the presence 
of [ 35S]methionine and extracted as in Materials and Methods. 
(c-e) Hair follicle proteins (water-soluble) at subsequent 
steps of actin purification by means of DNAse-I-Sepharose 
affinity chromatography: (c) unabsorbed material; (d) ab-
sorbed proteins, eluted by 0.75 M guanidine-HCl, 0.5 M so-
dium acetate, 30% glycerol; (e) absorbed protein, eluted 
by 3.0 M guanidine-HCl, 1.0 M sodium acetate, 30% glycerol. 
(c'-e') Picture of an autoradiograph of (c-e). Arrows indi-
cate the position of the 42 000 and 31000 hair follicle 
proteins. 
Fig. 2. Two-dimensional gel electrophore-
sis of: (a) water-soluble hair follicle 
proteins; (b) urea-soluble hair follicle 
proteins; (c) hamster skeletal muscle pro-
teins. 
The arrows indicate the position of actin 
(note the two isoelectric forms of G-actin 
in a) . 
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this protein fraction with several purified protein prepara-
tions revealed a comparable molecular weight for skeletal 
muscle actin and the 42 000 component in the water-soluble 
fraction. 
Additional characterization was performed by affinity chro-
matography on a DNAse-I-Sepharose column. The water-soluble 
protein fraction was applied to the column and eluted as 
described in Materials and Methods. Fig. l(c-e) shows the 
eluted proteins at different concentrations of guamdine-HCL 
It is evident (cf. fig. le) that the 42 000 polypeptide is 
specifically bound, showing that it is, at least by this 
criterion, indistinguishable from actin. Newly synthesized 
hair follicle actin behaves identically (cf. fig. le and le') 
as the native protein. 
Also in the urea-soluble protein fraction a 42 000 band 
is present (see fig. lb). Since it is known that, as a rule, 
actin occurs both in a water-soluble (G-actin) and a water-
insoluble form (F-actin), attempts were made to verify the 
nature of the 42 000 band in the urea-soluble fraction. 
Two-dimensional electrophoresis with isoelectric focusing in 
the first direction reveals that both the water-soluble and 
the urea-soluble fraction contains a 42 000 polypeptide with 
identical isoelectric point (fig. 2a, 2b). For comparison in 
fig. 2c a two-dimensional electropherogram of hamster skele-
tal muscle protein is shown. 
SDS-polyacrylamide gel electrophoresis of the water-
and urea-soluble proteins from different parts of the hair 
follicle (bulb, elongation zone, sheath and shaft)(see fig. 3) 
demonstrates that G-actm is more or less evenly distributed. 
On the other hand, F-actin appears to be mainly located in 
the elongation zone. The actin nature of the 42 000 band in 
different water-soluble and water-insoluble fractions was 
demonstrated by two-dimensional electrophoresis. Moreover, 
in a comparative isofocusmg electrophoresis experiment we 
demonstrated that skeletal (cj)actin migrates ahead of hair 
follicle actin (not shown). 
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Fig. 3. Sodium dodecylsulfate gel electrophoretic patterns of 50 
microdissected hair follicles. 
(A) Water-soluble proteins from hair bulb (a), elongation zone (b) 
hair sheaths (c) and hair shaft (d). 
(B) Urea-soluble proteins from the hair follicle fractions after 
extraction of the water-soluble proteins shown in (A). 
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DISCUSSION 
In hair follicle cells, as in most eukaryotic cells, 
actin occurs in two different molecular forms, one being 
soluble in water, the other comprised within highly polyme­
rised water-insoluble complexes. As judged by isoelectric 
focusing hair follicle actin can be distinguished from that 
found in muscle cells. Whether the insoluble actin consti­
tutes the 7 nm filaments, or together with other protein 
cofactors participates in the formation of stress fibers or 
other filamentous structures in the hair follicle, has to 
be established. Another intriguing question is related to 
the presence of water-soluble G-actin which seems to be 
rather abundant with respect to the insoluble form. In 
other biological systems the soluble pool ensures the dyna­
mic properties of the cytoskeleton, in particular involved 
in cellular shape and movement. 
The actin distribution m cultured skin fibroblasts of 
patients suffering from adenocarcinoma of the colon and 
rectum seems to be associated with inherited perturbation 
of the motility proteins, in particular actin (Pfeffer et at. 
1976; Kopelovich ei αι. , 1977). These results and our method 
allowing m vitro cultunng of hair follicle cells (Wetenngs 
et ai. , 1980, 1981) may provide a useful tool for further 
studies on motility proteins in human epithelial cell lesions 
potentially involved in carcinogenesis. Many human neoplastic 
processes, among which adenomatosis of the colon and rectum, 
have an epithelial origin. 
Epithelial culture systems useful for these studies have 
been rarely available. The "feeder-cell" technique for cul­
tivation of skin keratinocytes was developed by Rheinwald 
and Green (1975). However, this system has the disadvantage 
that two types of living cells are present in the same cul­
tures, hampering discrimination of various biochemical para­
meters of the cells. Our human hair follicle cell culture 
system mentioned above might be more satisfactory due to its 
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exclusive epithelial nature. 
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A METHOD FOR CULTURING HUMAN HAIR FOLLICLE CELLS 
SUMMARY 
For the first time a method for cultunng human hair 
follicle cells is described. The bovine eye lens capsule, 
a basement membrane-like structure, is used as the substrate 
for the cultures. In a culture medium supplemented with 
hydrocortisone and insulin about 70% of the original folli-
cles will form growing colonies of diploid keratinocytes. 
INTRODUCTION 
Human hair follicles are currently in use as a biopsy 
material for the detection of some genetic diseases (Vermor-
ken et aL., 1981). In these so-called inborn errors of meta-
bolism the disease is caused by a decreased activity of one 
of the cellular enzymes that can be determined in isolated 
hair follicles. Certain experimental approaches, however, 
such as studies on potential mutagenicity of carcinogenic 
agents, demand the use of culture systems. Fibroblasts have 
generally been used for this purpose, but since about 90% 
of all malignancies are carcinomas, i.e. of epithelial 
origin, the need for culture models of epithelial cells is 
acute (Reíd and Rojkind, 1979). The human hair follicle 
represents an ideal biopsy tissue for these studies, not 
only since it originates from the epithelium but also because 
it can easily be removed without any permanent damage to the 
tissue or appreciable pain for the donor. 
When we started our experiments, human hair follicle cells 
had never been brought into culture. We now have developed 
a method for cultunng these cells. Moreover we show that 
the cells are diploid and therefore useful for genetic 
studies. 
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MATERIALS AND METHODS 
Préparation of the culture dish. 
Lenses were isolated from calf eyes obtained fresh from 
the slaughterhouse. The anterior part of the capsule of the 
lens was removed carefully using a pair of scissors. These 
capsules were incubated for 15 min at 370C in 0.3% trypsin 
in a balanced salt solution lacking calcium and magnesium. 
After thorough rinsing in balanced salt solution supplemented 
with penicillin and streptomycin (100 |ig/ml each) the cap-
sules were irradiated with X-rays at a dose of 10 000 rad 
using a cobalt source. These capsules were placed in culture 
dishes as developed by Hukkelhoven et al. (1980). These 
culture vessels allow the use of the bovine eye lens capsule, 
a material resembling the basement membrane of the skin, as 
a growth substrate. Figure 1 shows the way in which the 
various parts of the dish are put together. The mounted dish 
is shown in figure 2. 
Tissue preparation and cultivation. 
Hair follicles were plucked from several areas of the 
scalp and only those in the anagen phase with intact bulb 
and sheath were used. The follicles were immediately immer-
sed in a balanced salt solution supplemented with penicillin 
and streptomycin (100 μg/ml each). Hair follicles were placed 
on the capsules and cultivation was performed using Minimal 
Essential Medium (Eagle) with 25 mM HEPES and supplemented 
with 15% fetal calf serum (Sera Lab, Sussex, England), 
0.4 μg/ml hydrocortisone and 4 (ig/ml bovine insulin (a gift 
from Dr Pieterson, Organon International B.V.). 
Cell processing for flow cytometry. 
After 3 weeks of growth the original follicles were 
removed from the culture vessels. The remaining colonies 
were treated with a solution of 0.3% trypsin (Difco, 1:250) 
and 1% EDTA for 15 m m at 370C. A suspension of single cells 
was then obtained by rigid pipetting. This suspension was 
centnfuged for 5 m m at 900 g. The cell pellet was prepared 
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Fig. 1. Schematic drawing of the culture dish, 
showing how the various parts are put together. 
Essentially, the bottom of the dish (1) is co­
vered by a square piece of foil (2). Then the 
central cylinder (4) on which the lens capsule 
(3) is stuck, is placed on the bottom. The cy­
linder is forced through the opening of the 
bottom by gentle pressing of the upper part of 
the dish (5). After placing the lid (6) the 
various parts are fixed together by means of 
four screws (7). The glass centre of the lid 
allows microscopic examination of the cultures 
under sterile conditions. 
for flow cytometry and analysed according to the method of 
Bauer et al. (1980) . 
33 
Flg. 2. Picture of the mounted culture dish. 
RESULTS 
After 2 to 4 days of culturing, cells apparently origi-
nating from the outer root sheath of the hair follicle start 
growing on the capsules. In fig. 3 a colony is shown after 
2 weeks in culture. The cell boundaries are indistinct 
since most of the culture is now stratified and several 
layers in thickness. 
About 70% of the follicles placed on the lens capsules will 
give rise to a colony of growing keratinocytes. The bovine 
eye lens capsule, a biological substrate resembling the 
basement membrane, plays an essential role in determining 
this rate of success. On the plastic bottom of culture dish-
es very small colonies are formed only incidentally. 
Addition of insulin and hydrocortisone is also essential for 
obtaining a high rate of growth (see table 1). 
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Fig. 3. Hair follicle cells after 2 weeks in culture (bar: 100 μηι). 
S = Outer root sheath. The boundary of the colony is one cell layer 
in thickness. The photograph was taken using a Leitz diavert phase-
contrast inverted microscope. 
Table 1. Percentage of hairs forming keratinocyte colonies after 4 days 
in culture. 
Hairs on plastic Hairs on lens capsule 
Minimal Essential 
+ 15% serum 
Minimal Essential 
+15% serum + 
tisone 
Minimal Essential 
+ 1 5 % serum + 
Minimal Essential 
+ 1 5 % serum + 
Medium 
Medium 
hydrocor-
Medium 
insulin 
Medium 
hydrocor-
tisone + insulin 
_ 
+/-
+ 
+/++ 
+ + 
0-
10-
30-
50-
70-
+/-
+ /-
+ /-
-10% 
-30% 
-50% 
-70% 
-100% 
+ / -
+/++ 
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Fig. 4. Histograms obtained upon flow cytometry of cells originating 
from: l-freshly plucked hair follicles; 2-cultures after 3 weeks of 
growth. Abscissa: channel number. 
The results of the flow cytometry experiments are shown in 
fig. 4. It is evident that the cultured cells are diploid. 
DISCUSSION 
Cultured hair follicle cells may offer new possibili­
ties for the early detection of some inherited diseases 
(Vermerken et al., 1981). When we started our experiments 
it was generally accepted that under cell culture conditions 
keratinocytes depend on the support of fibroblasts for colo­
ny formation (Kondo et al, 1979; Rheinwald and Green, 1975a,b; 
Rheinwald and Green, 1977). Our finding that hair follicle 
cells can be cultured without the support of living fibro­
blasts has interesting implications for genetic studies. 
Not only is this culture method of epithelial cells highly 
relevant for some cancer studies, but also the fact that 
colonies can be obtained from individual hair follicles, 
that in most cases have been shown to originate from one 
single cell (Gartler et al., 1969), offers for the first time 
an easy method to obtain cell cultures of clonal origin. 
i 
В 6 
NOTE ADDED IN PROOF 
While this paper was in preparation we also demonstrated 
that the protein patterns of the cultured hair follicle cells 
and the intact hair follicles are identical (Wetenngs et al., 
1980). 
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PROTEIN BIOSYNTHESIS IN CULTURED 
HUMAN HAIR FOLLICLE CELLS 
SUMMARY 
A new technique has been used for cultunng human kera-
tinocytes. The cells grow on the basement membrane-like cap­
sules of bovine eye lenses. Lens cells were removed from the 
capsules by rigid trypsinization. In order to exclude any 
contamination with remaining living cells the isolated cap­
sules were irradjated with X-rays at a dose of 10 000 rad. 
In this way human epithelial cells can be brought in culture 
from individual hair follicles. Since feeder cells are not 
used in this culture technique, the biosynthesis of kerati-
nocyte proteins can be studied in these cultures. The newly 
synthesized proteins can be separated into a water-soluble, 
a urea-soluble, and a urea-insoluble fraction. Product ana­
lysis has been performed on the first two fractions revealing 
protein patterns identical to those of intact hair follicles. 
Product analysis of the urea-soluble fractions of microdis-
sected hair follicles shows that the protein pattern of the 
cultured keratinocytes resembles the protein pattern of the 
hair follicle sheath. Studies on the metabolism of benzo(a)-
pyrene revealed that the enzyme aryl hydrocarbon hydroxylase 
(АНН) is present in cultured hair follicle cells. A possible 
use of our culture system for eventual detection of inherited 
predisposition for lung cancer obtained upon cigarette smo­
king, is discussed. 
INTRODUCTION 
Intact hair follicles have recently been introduced as 
a biopsy material for the detection of a number of genetic 
diseases such as: Fabry's disease (Grimm et al. , 1978; 
Vermorken et al. , 1978, 1980), the Lesch-Nyhan syndrome 
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(Gartier et al., 1971; De Bruyn et al. , 1974), and Glucose-
6-phosphate dehydrogenase deficiency (Romeo et al. , 1976; 
Vermorken (t al. , 1979a,b). In all these cases the genetic 
aberration is correlated to distorted enzyme levels that can 
still be measured in the isolated hair follicles. Some bio-
chemical parameters that have been related to genetic proper-
ties can, however, only be detected in cultured cells. Up 
till now, for measuring such parameters, cultured fibro-
blasts have been used. For obvious reasons skin biopsies 
are not very attractive for screening of humans. In contrast, 
the hair follicle represents an almost ideal biopsy material 
since it can easily be removed without any permanent damage 
or appreciable pain of the donor. 
When we started our experiments it was taken for granted 
in the literature that under cell culture conditions kera-
tinocytes depend on the support of fibroblasts for colony 
formation (Rheinwald and Green, 1975a,b; 1977). However, 
biochemical parameters measured in these cells can hardly be 
correlated to genetic properties of any cell type. 
Eventually we succeeded in developing a method for cultunng 
hair follicle keratinocytes without the use of supporting 
fibroblasts. 
MATERIALS AND METHODS 
Chemicals. 
Media were obtained from Gibco (Paisley, Scotland), 
penicillin and streptomycin from Difco (Detroit, USA), and 
gentamycin from Schering (Kenilworth, USA). Fetal calf serum 
was obtained from Sera Lab (Sussex, England). L-[''S]methio-
nine (spec. act. 1000 Ci/mmol) was purchased from the Radio-
chemical Centre (Amersham, Fngland). [G-^HjBenzo(a)pyrene 
(spec. act. 19 Ci/mmol) purchased from the Radiochemical 
Centre was assayed chromatographically for radiochemical 
purity before use. NADPH was obtained from Boehringer (Mann-
heim, FRG). Kodak X-ray films were used for autoradiography. 
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Autoradiography enhancer was obtained from New England Nucle­
ar (Boston, USA). 
Primary culture of hair foLlicle cells. 
Lenses were isolated from calf eyes obtained fresh from 
the slaughterhouse. The anterior part of the capsule of the 
lens was removed carefully using a pair of scissors. These 
capsules were incubated for JO min at 370C in 0.3% trypsin 
in a balanced salt solution lacking calcium and magnesium. 
After thorough rinsing in balanced salt solution supplemen­
ted with penicillin and streptomycin (100 μg/ml each), the 
capsules were irradiated with X-rays at a dose of 10 000 rad 
using a cobalt source. These capsules were placed in culture 
dishes (Hukkelhoven el al. , 1980), manufactured for this 
purpose by the university's workshop. Care was taken that 
the inner side was upside. Eagles' Minimal Essential Medium, 
containing 25 mM HEPES and 50 μg/ml gentamytin supplemented 
with 15% fetal calf serum was added. After incubation at 
370C in an incubator with humidified atmosphere, at least 
for 24 hours, the dishes were used for growing hair follicle 
cells (Wetenngs ft al. , 1981). 
Protein synthe.M s in primary cell rulturt.; and intact hair fol I trie.,. 
After two weeks of growth the follicles were removed 
from the culture vessels and the cells, remaining on the 
capsules were incubated in a medium containing 10 μΟι [3bS]-
methionine per ml Dulbecco's Modified Eagles' Medium, sup­
plemented with 50 ßg/ml gentamycin. Incubation was at 370C 
for 4 hours. Freshly plucked hair follicles were labeled 
similarly. After thorough washing with 0.9% sodium chloride 
solution of both cultures and intact hair follicles, water-
soluble and urea-soluble fractions were prepared according 
to the method of Vermerken it al. (1978). 15000 g supe m a -
tants were subjected to sodium dodecylsulfate Polyacrylamide 
gel electrophoresis, according to Laemmlι (1970) with the 
modification that a gel slab instead of gel rods was used. 
In this method a stacking gel was applied. Staining and de-
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s t a i n i n g were p e r f o r m e d a s d e s c r i b e d by Weber and Osborn 
( 1 9 6 9 ) . G e l s were p r o c e s s e d f o r a u t o r a d i o g r a p h y . For t h e 
d e t e c t i o n o f l a b e l e d p r o t e i n s t h e p r o c e d u r e of Bonner and 
L a s k e y ( 1 9 7 4 ) was u s e d i n c o m b i n a t i o n w i t h t h e d r y i n g p r o c e -
d u r e d e s c r i b e d by B e r n s and B l o e m e n d a l ( 1 9 7 4 ) . 
Incubation of cultured hatr folLzcle cells lûzth benzo(a)pyrene. 
A f t e r two w e e k s i n c u l t u r e h a i r f o l l i c l e c e l l s were 
u s e d f o r d e t e r m i n a t i o n o f b e n z o ( a ) p y r e n e m e t a b o l i s m . T h r e e 
l±Ci [ ^ J b e n z o ( a ) p y r e n e was added t o 1 ml medium c o n t a i n i n g 
10% h e a t - i n a c t i v a t e d f e t a l c a l f se rum and 1 mM NADPH. 
I n c u b a t i o n was c o n t i n u e d f o r 20 h o u r s a t 3 7 0 C . The m e t a b o -
l i t e s from b o t h c e l l s and medium were e x t r a c t e d w i t h e t h y l -
a c e t a t e , and s e p a r a t e d by t h i n l a y e r c h r o m a t o g r a p h y a s d e s -
c r i b e d by Vermerken et al. ( 1 9 7 9 ) . A f t e r c h r o m a t o g r a p h y t h e 
p l a t e s were s p r a y e d w i t h ENHANCE (NEN) and t h o r o u g h l y d r i e d . 
The r a d i o a c t i v e m e t a b o l i t e s were v i s u a l i z e d by e x p o s i t i o n 
t o X - r a y f i l m s f o r 3 d a y s . 
RESULTS 
Hair follicle cells start growing on the lens capsule 
after 2 to 4 days. Figure 1A shows the cells after 4 days 
of cultunng. Cell boundaries of these polygonal cells are 
hardly visible in the phase-contrast microscope. This indi-
cates that the cells are of epithelial nature. Figure IB 
shows hair follncle cells in culture after 14 days of growth 
on the lens capsule. Cells are growing from the external root 
sheath of the follicles. On average 10 follicles will give 
rise to 7 growing colonies of keratinocytes. If hydrocorti-
sone is omitted from the medium only about 2 out of 10 fol-
licles will show growth. Colonies arising in this medium 
never reach the size of colonies in the presence of the hor-
mone. Hair follicles placed on the plastic growth surface of 
culture vessels will occasionally give rise to small colonies 
of keratinocytes, but these colonies will stop growing within 
14 days of cultunng. In this case a yellowish material is 
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Fig. 1. Α. Hair follicle cells after 4 days in culture 
(Bar: 100 μηι) . Cells are growing from the outer root 
sheath (S) of the hair follicle. 
B. Hair follicle keratinocytes after 14 days in culture 
(Bar: 100 μπι) . 
Micrographs were taken using a phase-contrast microscope 
( L e i t z - d i a v e r t ) . 
formed on top of the c e l l l a y e r , presumably c o n t a i n i n g kera­
t i n (see Rheinwald and Green, 1975Ъ). 
9Ь 
a' b' с" d' 
iSÜSSt 
• 
в 
Fig. 2. Sodium dodecylsulfate Polyacrylamide gel electrophore-
tic pattern and autoradiograph of extracted protein from intact 
hair follicles and hair follicle cells. 
A. Water- and urea-soluble protein fractions: (a) water-soluble 
fraction from 50 hair follicles, (b) water-soluble fraction 
from cultured cells originating from 5 hair follicles, (c) urea-
soluble fraction from 5 hair follicles, (d) urea-soluble fraction 
from cultured keratinocytes originating from 2 hair follicles. 
Arrows indicate the position of the following marker proteins: 
bovine serum albumin (67 000), ovalbumin (45000), calf lens 
6Bla (3? 000). 
B. Autoradiograph of the gel shown in A. 
After removal of the follicles the colonies remaining 
on the capsule were used for protein characterization. 
Figure 2A shows the stained sodium dodecylsulfate Polyacryl­
amide gel electrophoretic pattern of the water- and urea-
soluble protein fractions from the intact hair follicles and 
the cultured hair follicle cells. Figure 2B shows the auto­
radiograph of the newly synthesized proteins obtained after 
4b 
Fig. 3. Sodium dodecylsulfate 
Polyacrylamide gel electrophoretic 
pattern of urea soluble proteins 
from hair follicle fractions ori­
ginating from: (a) matrix, (b) up­
per bulb, (c) sheath, (d) shaft. 
Arrows indicate the position of 
the marker proteins as in fig. 2. 
a b e d 
exposure of the dried gel of figure 2A. From these patterns 
it is apparent that the main protein components in the 
water- and urea-soluble fractions from both hair follicles 
and cultured hair follicle cells are comparable. 
We have previously shown that the water-soluble protein 
fraction from different parts of the hair follicle, i.e. ma­
trix, upper bulb, and sheath are identical (Vermerken et αι., 
1978). Since these different parts of the organ represent 
different levels of differentiation, we have now further in­
vestigated the protein patterns of the urea-soluble fraction. 
Figure 3 shows the sodium dodecylsulfate Polyacrylamide gel 
electrophoretic pattern of these fractions. It is obvious 
that the different levels of differentiation correspond to 
quantitatively different protein profiles. The protein pat­
tern of the sheath fraction is very similar to that of the 
cultured cells. This further substantiates the idea that the 
cultured cells originate from the hair follicle sheath. 
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Fig. 4. Autoradiograph of a th in layer chromatography 
p l a t e a f t e r separat ion of the metabol i tes of benzo(a)py-
rene formed upon (a) incubation without h a i r f o l l i c l e 
c e l l s , in the presence of c e l l - f r e e lens capsules, 
( b , b ' ) incubation with cul tured h a i r f o l l i c l e c e l l s from 
3 h a i r f o l l i c l e s ( c u l t i v a t i o n time: 2 weeks, incubation 
time: 20 hours) , ( ο , ο ' ) incubation with 30 h a i r f o l l i c l e s 
( incubation time: 1 hour) . 
BP = benzo(a)pyrene. 3OH-BP = 3-hydrüxy-benzo(a)pyrene. 
7-8-diol = 7,8-dihydro-7,8-dihydroxy-benzo(a)pyrene. 
9-10-diol = 9.10-dihydro-9,10-dihydroxy-benzo(a)pyrene. 
I n t a c t human s c a l p h a i r f o l l i c l e s c o n t a i n an enzyme 
system t h a t m e t a b o l i z e s the ca rc inogen benzo(a)pyrene (АНН, 
a r y l hydrocarbon h y d r o x y l a s e ) . I f t h i s enzyme system were 
p r e s e n t in c u l t u r e d h a i r f o l l i c l e c e l l s our c u l t u r e system 
would enable to r e i n v e s t i g a t e the claimed c o r r e l a t i o n between 
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АНН inducibility and predisposition for cancer of the respi­
ratory tract (Kellerman et al. , 1973). Figure 4 shows the re­
sult of an incubation of cultured hair follicle cells and in­
tact hair follicles with radioactive benzo(a)pyrene. It is 
evident that the Rf-values of the predominant metabolites 
formed in culture and in intact hair follicles are identical. 
DISCUSSION 
Four different protein patterns are obtained upon sodium 
dodecylsulfate Polyacrylamide gel electrophoresis of urea-
soluble fractions from hair follicles. The protein profile 
of the cultured cells is similar to that of the sheath frac­
tion, whilst it differs significantly from the patterns of 
upper bulb, matrix and shaft. Strikingly the water-soluble 
fractions of the different parts of the hair follicle, with 
exception of the shaft, yield almost identical gel patterns 
(Vermerken et al. , 1978). It therefore seems that differen­
tiation of the hair follicle cells becomes manifest in the 
urea-soluble fraction. Our finding that hair follicle cells 
can be cultured without the support of fibroblasts not only 
opens up interesting possibilities for genetic studies, but 
might even be useful for the detection of sensitivity towards 
certain forms of cancer in man, provided the so-called AHH-
theory holds true for humans. This theory is based upon the 
observation that the inducibility of this enzyme ]s related 
to a higher tumor incidence (for review see Thorgeirsson and 
Nebert, 1977; Vermorken and Bloemendal, 1979). Also in man, 
attempts have been made to verify the existence of such a 
relationship. However, up till now, due to the use of lympho­
cytes as test cells the results are still debatable (Vermor­
ken and Bloemendal, 1979). In this connection one should keep 
in mind that the prevalence of carcinomatous diseases in man 
has been suggested to be due to the differential capacity of 
the epithelial cells to metabolize potential carcinogens to 
active forms (Fox et al. , 1975). This capacity however, is 
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reduced in fibroblasts and other non-epithelial cells such 
as lymphocytes. Since АНН is present in cultured hair folli­
cle cells, our culture system hopefully may allow the deve­
lopment of a screening method for the detection of the inhe­
rited sensitivity towards carcinogenic substances in man. 
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MORPHOLOGICAL AND BIOCHEMICAL ASPECTS OF 
HUMAN SCALP HAIR FOLLICLE KERATINOCYTES, 
CULTURED ON THE BOVINE EYE LENS CAPSULE 
SUMMARY 
The morphology of human scalp hair follicle keratino-
cytes, cultured on the bovine eye lens capsule, is studied 
by light and electron microscopy. 
The hair follicle keratinocytes in the stratified cultures 
are characterized by the presence of numerous tonofilaments, 
desmosomes and lysosomes, and by the presence of glycogen 
accumulations. The cells in the upper layers develop a cross-
linked envelope. Moreover, an incomplete basal lamina is found 
between the capsule and the basal cells. However, some featu­
res of epidermal keratinocytes ъп г о , such as keratohyalin 
granules and stratum corneum formation, are absent. Analysis 
of the polypeptides by sodium dodecylsulfate Polyacrylamide 
gel electrophoresis also reveals differences between the cul­
tured cells and epidermis, whilst the patterns of the cultured 
cells and hair follicle sheaths are similar. These results 
are discussed in the light of the findings with cultured 
epidermal keratinocytes, reported in the literature. 
Because plucking of scalp hair follicles is a non-inva-
sive technique, hair follicle keratinocytes, cultured on the 
bovine eye lens capsule, may provide a very useful гп vitro 
model system for the study of pathological conditions invol­
ving aberrant skin differentiation. 
INTRODUCTION 
In vivo, epidermal cells grow and differentiate on dermal 
connective tissue. Also m vitro, keratinocytes growing in 
skin expiant cultures depend for their maintenance upon the 
presence of fibroblasts or their products (McLoughlin, 1961; 
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Dodson, 1963; Wessells, 1963,1964; Moscona, 1964; Melbye 
and Karasek, 1973). It was with apprehension of this fact 
that Rheinwald and Green (1975) developed a technique for 
the serial cultivation of epidermal keratinocytes, using 
irradiated murine 3T3 cells as "feeders". Nowadays, this 
"feeder-cell" technique is commonly in use by investigators 
working with cultured epidermal keratinocytes. The precise 
function of these cocultured fibroblasts is poorly under­
stood. However, they can be removed when colonies of kera­
tinocytes have formed, without appreciable decline of pro­
liferative capacity (Rheinwald, 1980; Peehl and Ham, 1980; 
Milo el al., 1980). Recently, Alitalo et ai.(1982) demonstra­
ted that epidermal cells in these cultures synthesize and 
deposit small amounts of type IV collagen and laminin. The 
3T3 "feeder-cells" produce collagen type IV and laminin in 
addition to interstitial collagens, fibronectin and the con­
nective tissue glycoproteins usual for fibroblasts. The 
authors suggested that cocultured 3T3 cells may facilitate 
adhesion and spreading of the keratinocytes, since epithelial 
cells adhere better to collagen IV than to interstitial col­
lagens (Murray et al., 1979), probably through laminin, that 
specifically binds to collagen IV (Terranova et al., 1980). 
In vivo, the substratum for epithelial cells is mainly 
composed of collagen type IV, proteoglycan and non-collage-
nous glycoproteins, integrated in a complex structure, the 
basement membrane (Spiro, 1978; Timpl et al., 1981; Spiro and 
Parthasarathy, 1982; Stanley et al., 1982). It is likely that 
the use of intact basement membrane as a substrate for kera­
tinocytes гп vxtro is a better reflection of the гп г о situa­
tion than that of reconstituted collagen (Reíd and Rojkind, 
1979) or glycoprotein-coated plastic surfaces (Gilchrest et 
al. , 1980, 1982). Indeed, a much more rapid attachment of 
bovine eye lens epithelial cells to the lens capsule, their 
natural basement membrane, than to type I and to type IV 
collagen-coated plastic was recently observed (Cammarata and 
Spiro, 1982). Bovine eye lens capsules contain collagen IV 
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(Dixit, 1978; Dehm and Kefalides, 1978; Gay and Miller, 1979), 
heparansulfate proteoglycan (Parthasarathy and Spiro, 1982) 
and possibly other non-collagenous glycoproteins. 
Because of its simple and rapid isolation procedure, we 
have used the bovine eye lens capsule to cultivate adult 
human keratinocytes originating from scalp hair follicles 
(Wetenngs et αι., 1981, 1982). Since this biopsy tissue is 
extremely pure with respect to keratinocytes, there is no 
need for fibroblast-suppressing measures. The freshly plucked 
follicles may simply be placed on the capsules without any 
previous treatment. 
In this paper we report some morphological and bioche­
mical characteristics of cultures of hair follicle keratino­
cytes established in this way. This study was ment to inves­
tigate growth and differentiation of keratinocytes, cultured 
on a natural growth substrate, but without further mesenchy­
mal support. 
MATERIALS AND METHODS 
Culturzng human scalp hair follicle cells. 
Keratinocytes originating from human scalp hair folli­
cles were cultured as described earlier (Wetenngs pt al. , 
1981, 1982). In brief, lenses were isolated from calf eyes 
obtained fresh from the slaughterhouse. The anterior part 
of the capsule of the lens was removed carefully using a 
pair of scissors. Remaining lens epithelial cells were remo­
ved by short sonication of the capsules in a balanced salt 
solution lacking calcium and magnesium (BSS). After thorough 
rinsing in BSS supplemented with penicillin and streptomycin 
(100 ug/ml each) the capsules were mounted in culture dishes 
especially developed for this purpose (both lens capsules 
and culture dish (Epicult) are now commercially available 
from Sanbio, Nistelrode, The Netherlands). These culture 
vesseJs allow the use of the bovine eye lens capsule as a 
growth substrate. Before placing the hair follicle in the 
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mounted dish, the capsules were preincubated with culture 
medium containing 15% fetal bovine serum for 24 hours. 
Hair follicles were plucked from several areas of the scalp 
and only those in the anagen phase with intact bulb and 
sheath were used. The follicles were immediately immersed 
in BSS supplemented with gentamycin (50 |j.g/ml). Hair folli­
cles were placed on the capsules and cultivation was perfor­
med using a culture medium consisting of: Minimal Essential 
Medium (Eagle) with Earle's salts and 25 mM HEPES (Gibco), 
supplemented with 15% fetal bovine serum (Gibco), 0.4 μg/ml 
hydrocortisone (Sigma), 4 ug/ml insulin (Organon), ΙΟ - 5 M 
cholera toxin (Schwarz/Mann), 10 ng/ml epidermal growth 
factor (Coll. Res.) and 50 (ig/ml gentamycin (Schering). The 
Epicults were placed m a humidified incubator without CO? 
at 370C for an initial period of 3 to 5 days and subsequent­
ly transferred to an incubator with an atmosphere of 5% CO? . 
Thereafter, the medium was changed twice a week. 
Ltght rmaroscopy and Тгап^ггаььгоп Flectyon Мгсгоыору. 
After a few washings with phosphate buffered saline 
(PBS) to remove the medium, cell cultures aged between 2 and 
7 weeks were fixed m 2.5% glutaraldehyde in 0.1 M phosphate 
buffer pH 7.3 for 60 min at room temperature and postfixed 
in 1% 0s04 in 0.15 M cacodylate buffer pH 7.3. After dehy­
dration in ascending concentrations of ethanol and propylene 
oxide, the cultures were embedded in EPON/ARALDITE or EP0N. 
Semithin sections for light microscopy were stained with to-
luidine blue. Ultrathin sections for electron microscopy were 
stained with uranylacetate and leadcitrate. Electron micros­
copy was performed using a Philips EM 300 or EM 400. 
Soamnng Electron Microocopy. 
Cultures were washed with PBS, fixed in 2.5% glutaral­
dehyde in 0.1 M phosphate buffer pH 7.3 for 60 mm, and 
rinsed twice in 0.15 M cacodylate buffer pH 7.3. Postfixation 
was done with 1% OsO,, in the same buffer for 1 to 2 hours. 
Specimens were dehydrated by an ascending series of ethanol 
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washes. The dehydrated material was dried by the critical 
point method with carbon dioxide, covered with gold and 
examined in a Philips 500 Scanning Electron Microscope. 
Cïobb-ltnkfd envelopes. 
In order to determine whether in the cultured cells a 
cross-linked envelope is formed, the hair follicles were 
removed from three weeks old cultures and the cells scraped 
from the capsules. Cells were extracted according to the 
method described by Green (1977), using a solution of 
1% sodium dodecylsulfate and 1% B-mercaptoethanol at 1000C 
for 5 min. Cultures of fibroblasts were used as a control. 
Protevn analysts. 
In order to compare the protein patterns of epidermis, 
hair follicles and cultures of hair follicle cells, water-
soluble, urea-soluble and urea/B-mercaptoethanol-soluble 
fractions were prepared according to methods described 
earlier (Sun and Green, 1978, Wetenngs et al., 1980). 
Normal human adult skin was obtained from back or shoulder 
using a Castroviejo keratotome at 0.3 mm. The epidermis was 
separated from the underlying dermis according to the method 
described by Schweizer and Goerttler (1980) using a solution 
of 2 mM ZnCla in saline at 60°C. Hair follicles in the anagen 
phase were plucked randomly from the scalp, and the bulb and 
keratogenous zone were cut off in PBS. Cultures of hair fol-
licle cells, 2 weeks old, were rinsed once with PBS. The hair 
was removed and the remaining colony was scraped from the 
lens capsule. 
The epidermis, the remaining part of the hair follicles (con-
taining hair shaft, inner and outer root sheaths) and the 
cultures were five times frozen (-200C) and thawed in dis-
tilled water. Water-soluble extracts were obtained after cen-
tnfugation for 5 min at 10 000 g and concentrated by lyophi-
lization. The pellets were further extracted with 8 M urea, 
pH 8.6, for 15 min at room temperature and the suspensions 
centnfuged for 30 min at 50 000 g. The supernatants represent 
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the urea-extract. The pellets were further extracted with 
0.1 M ß-mercaptoethanol in 8 M urea, pH 8.6, and again 
50 000 g supernatants were made, representing the urea/6-mer-
captoethanol-fTactions. To all fractions sample buffer was 
added and the proteins were separated in a 10% sodium 
dodecylsulfate Polyacrylamide gel, according to Laemmli 
(1970). The ZnCls-separated dermis, extracted m sample 
buffer (3 min, 1000C), bovine serum albumin and chicken 
muscle actin (Sigma), were also electrophoresed. The gels 
were stained and destained according to Weber and Osborn 
(1969). 
RESULTS 
Culturinq. 
Cultures of human hair follicle cells appear to be 
pure keratinocyte cultures. This is probably caused by the 
fact that the outer root sheath, although present, is not 
completely extracted upon plucking of scalp hair follicles 
(Fig. 1). No fibroblasts are observed under the phase con-
trast microscope even in long-term cultures or subcultures 
(Wetenngs et al. , 1982). After 14 days in culture, a popu-
lation of about 40 000 to 50 000 cells is formed. 
At the second or third day after placing the hair follicle 
on the capsule a small skirt of epithelial cells can be ob-
served originating from the outer root sheath. Cell divisions 
are apparent and the colony of keratinocytes continues to 
expand. On an average, an area of 0.25 cm2 is covered after 
one week, essentially one cell layer in thickness. Thereafter 
the colony expands laterally as well as vertically, thereby 
forming a stratified epithelium. Suprabasal cells appear to 
be very large and remain nucleated. 
Light niLct'occopy. 
For morphological evaluation a region at some distance 
of the hair was chosen, in order to ensure the examination 
of areas of newly formed keratinocytes. The cultures are 
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Fig. 1. Section of a plucked human scalp hair follicle, 
below the level of the sebaceous gland duct (bar: 100 μπι). 
Note the frayed borderline of the external root sheath 
(E), caused by the fact that the glassy membrane with 
attached basal cells stays behind upon plucking. 
C=cortex; M=medulla; I = internal root sheath. 
Frozen section; histochemical reaction for glucoses-
phosphate dehydrogenase. 
Fig. 2. Cross section of a colony of keratinocytes 
originating from the external root sheath of a hair 
follicle (at the right), after 3 weeks in culture (bar: 
200 μπι). Inset: detail showing a stratified colony upon 
the lens capsule (LC)(bar: 50 μη). 
Arrows indicate the presence of vacuoles. 
Ill 
stratified, several layers in thickness and reveal numerous 
desmosomes between the cells (Fig. ?). Neither melanocytes 
nor Langerhans cells were encountered in the examined regi-
ons. The basal cells are polygonal and in the overlying 
layers the cells tend to become increasingly flattened the 
nearer they come to the surface of the culture. The uppermost 
layer consists of extremely flattened cells in which, in 
cross section, nuclei are seldomly met. Notwithstanding 
these clear signs of cellular differentiation, no keratini-
zation phenomena were observed. In some of the basal cells 
vacuoles are present. 
Transmission Flectron Mioroscopy. 
The most prominent features observed by electron micro-
scopy are the numerous cellular interdigitations with several 
junctional complexes and bundles of tonofilaments, that tend 
to increase in density in the more superficially located cells, 
although formation of keratohyalin granules was not seen. 
Microfilaments and microtubuli were regularly observed. There 
are scattered profiles of rough endoplasmic reticulum, while 
mitochondria are relatively small and not numerous. Some 
cells contain a number of watery vacuoles (see Figs. 3 - 5 ) . 
Glycogen accumulations are present, mainly in the basal 
cells (Fig. 6). In a few instances, granules were found that 
possibly represent membrane coating granules (MCG's), since 
upon higher magnification they reveal a lamellar structure 
within the membrane (Fig. 7). Between the basal cells and 
the substratum there is a discontinuous basal lamina, often 
associated with hemidesmosomes (Fig. 8). In addition, a den-
sely staining material is often present on the surface of 
the substratum, especially in ageing cultures (Fig. 6, 8, 9). 
At instances it appears to be membrane bound, indicating the 
cellular origin (Fig. 9). Since degenerating and necrotizing 
cells were also observed, it was concluded that the material 
represents cellular debris. The uppermost cells, i.e. those 
cells bordering the culture medium, possess short microvilli 
and are covered by a glycocalyx (Fig. 14). 
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Fig. 3. Electron micrograph showing the general 
morphology of cultured hair follicle keratinocytes 
(1200 x). 
D =desmosomes; MV =microvilli ; V =watery vacuole. 
The lens capsule (LC) can be seen in the lower right 
corner. The empty appearing uppermost cell was only 
occasionally encountered. 
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Fig. 4. Cross section emphasizing the contact areas 
between the cells (9 800χ). 
TF = tonofilaments; F = fat droplet. 
Inset: detail showing numerous desmosomes and bundles 
of tonofilaments (24 100»). 
D = desmosome. 
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Fig. 5. Detail of a hair follicle keratinocyte colony 
(33 400χ), showing numerous interdigitations (I). 
The lens capsule can be seen in the lower right corner. 
L=secondary lysosome; MF =microfilaments; MT =micro-
tubuli. 
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Figs . 6 - 9 ( l e f t ) . Electron micrographs of cul tured h a i r f o l l i ­
c le k e r a t i n o c y t e s . LC =lens capsule, CD c e l l u l a r d e b r i s . 
Fig. 6. Basal c e l l containing glycogen accumulations ( 0 ( 3 9 600*). 
Note the densely s t a i n i n g mater ia l (arrow) on the surface of the 
substratum, probably represent ing c e l l u l a r d e b r i s . 
Fig . 7. D e t a i l s showing lamellated granules , possibly membrane 
coat ing granules (a: 96 000*; b : 120 000x). 
Fig. 8. In ter face between the basal c e l l s and the lens capsule 
(39 600χ), showing a discontinuous basal lamina (BL), hemidesmo-
somes (HD) and c e l l u l a r d e b r i s . 
Fig. 9. Electron micrograph showing densely s ta ined debr i s 
which appears to be membrane bound (31 300*). 
Scanning Electron Microscopy (StM). 
The s u r f a c e o f a c u l t u r e of h a i r f o l l i c l e k e r a t i n o c y t e s 
o b s e r v e d by SEM r e v e a l s t h a t t h e c o l o n y i s n o t e q u a l l y i n 
t h i c k n e s s b u t h a s a r e a s w h e r e s t r a t i f i c a t i o n i s more e x t e n ­
s i v e ( F i g . 1 0 , 1 1 ) . The f l a t t e n e d s u p e r f i c i a l c e l l s h a v e an 
a v e r a g e s u r f a c e a r e a o f 1СГ 3 тт г ( F i g . 1 2 ) . Some c e l l s a r e 
p r a c t i c a l l y b a l d , w h e r e a s o t h e r s a r e d e n s e l y c o v e r e d w i t h 
m i c r o v i l l i ( F i g . 1 3 ) . 
Crosb-lmked envelopes. 
Upon t r e a t m e n t o f t h e c u l t u r e s w i t h s o d i u m d o d e c y l s u l -
f a t e a n d B - m e r c a p t o e t h a n o l n o t t h e e n t i r e k e r a t i n o c y t e was 
d i s s o l v e d : a g h o s t r e m a i n e d . T h i s i n d i c a t e s t h a t an i r r e v e r ­
s i b l y c r o s s - l i n k e d c e l l u l a r e n v e l o p e h a d b e e n formed by a t 
l e a s t p a r t of t h e c e l l s ( s e e F i g . 1 5 ) . C u l t u r e d f i b r o b l a s t s , 
t r e a t e d i n t h e same way, d i d n o t r e v e a l any g h o s t s . 
Protein analysis. 
The w a t e r - s o l u b l e p o l y p e p t i d e s from e p i d e r m i s , h a i r 
f o l l i c l e s h e a t h s a n d c u l t u r e d h a i r f o l l i c l e c e l l s show a 
s i m i l a r p a t t e r n ( s e e F i g . 1 6 b - d ) . The p o l y p e p t i d e s from 
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Fig. 10 - 12. Scanning electron micrographs of a culture 
of keratinocytes originating from the external root sheath 
of a hair follicle. B=bulbus; KZ = keratogenous zone. 
Fig. 10 (34x): arrows indicate areas with more extensive 
stratification. 
Fig. 11 {260x): detail showing irregular stratification. 
Fig. 12 (530χ): arrows indicate the cell outlines. 
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Fig. 13-14. Transmission and scanning electron micro­
graphs of cells facing the culture medium. 
Fig. 13. Detail of 3 cells at the culture surface (2100x) 
The distribution of microvilli is not equal. Inset: note 
the difference in length of the microvilli (8 300χ). 
Fig. 14. Part of a cell in the uppermost layer of a 
colony, facing the culture medium, possessing numerous 
microvilli (MV)(21 800χ) . Note the stubbly appearance of 
the cell surface, representing the glycocalyx. 
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Fig. 15. Ghosts of keratinocytes from cultures treated 
with 1% sodium dodecylsulfate, 1% B-mercaptoethanol at 
100°C for 5 min (80x). 
hair follicles and cultured hair follicle cells (c, d) are 
virtually identical, but small differences can be observed 
when this pattern is compared with the water-soluble epider-
mal polypeptides. In all fractions a protein, comigrating 
with actin and, with respect to the hair follicle previously 
also identified as actin (Vermerken et al., 1981), represents 
the major component. 
With respect to the urea-soluble fractions, the poly-
peptide patterns of the hair follicle sheaths and the cultu-
red hair follicle keratinocytes are comparable (see Fig. 16 
g, h). The approximate molecular weights of the major poly-
peptides in these fractions range from 44 000 to 58 000. 
The urea-soluble epidermal polypeptides reveal a different 
electrophoretic pattern (see Fig. 16 f). Therefore, hair 
follicle sheaths and cultured hair follicle keratinocytes 
lack the largest polypeptides, that can be extracted from 
the epidermis. 
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a b e d e f g h i j k l m n 
Fig. 16. Sodium dodecylsulfate Polyacrylamide gel e l ec t rophores i s 
of polypeptides from epidermis, external root sheaths of ha i r f o l l i -
c les and cu l tu re s of ha i r f o l l i c l e kera t inocy tes , ex t rac ted by water 
( b - d ) , urea ( f - h ) and urea/ß-mercaptoethanol ( j - 1 ) . Dermal poly-
peptides are shown in lane n. Bovine serum albumin (67 000) and 
chicken muscle ac t in (42 000) were electrophoresed as marker p ro-
t e i n s ( lanes a, e, i , m). the arrow ind ica tes the 31000 component of 
water-soluble ha i r f o l l i c l e polypeptides (for reference see Verraor-
ken et al. , 1978) . 
Note tha t the polypeptides in lane h have migrated too slowly, pro-
bably due to l i p i d mater ia l in t h i s sample. 
Treatment of the wa te r - and u r e a - e x t r a c t e d f r a c t i o n s 
with 0 .1 M ß-mercaptoethanol in 8 M u rea , pH 8 .6 , and subse -
quent s e p a r a t i o n of the p o l y p e p t i d e s by sodium d o d e c y l s u l f a t e 
gel e l e c t r o p h o r e s i s r e s u l t s in p a t t e r n s where the h igh mole-
c u l a r weight p o l y p e p t i d e s a re a l s o miss ing in the h a i r f o l -
l i c l e s h e a t h s and the c u l t u r e d c e l l s (F ig . 16 j - 1 ) . However, 
some p o l y p e p t i d e s a r e r e l a t i v e l y b e t t e r e x t r a c t e d , which 
sugges t s t h a t these p o l y p e p t i d e s have a h i g h e r degree of 
d i s u l f i d e c r o s s - l i n k i n g . 
For comparison, dermal p o l y p e p t i d e s , e x t r a c t e d in sample 
ÊÊ 
1 2 1 
buffer, ^eveal a μ it tern differing from all other fractions 
(see Fig, 16 it, as has Deen observed by Fuchs and Green 
(1980). 
DISCUSSION 
In recent years several papers have appeared in the 
literature concerning the morohological aspects of human 
KeratLfocytes m cuirure. In this respect, there appears to 
be a father ^іоъе similarity between the cultured cells and 
their counterparts " t> ю . For instance, cultured human 
ging..vai. and buccal Keratinocytes retain many of their 
specific α ι t fcrentiat ion characteristics (Taichman pt at,., 
1979). In cultured kc ra i" ^г осу tes originating from epidermis, 
different lat ion patt'-rn-. сотраі.ао1е to the striti f uCation 
and terminal dl f fei-ч nt 1 at ion ·"> JIJO , have been der>cril~ed 
(Rhej-nwald and Green, 1975, Fr-eman at ul., 1076, LJ.U IL I L . , 
1979, Milo et il. , 19ß0: Réprn«1·- -'t ai. , 1081). However, cer-
tain ^hai at teribtjes of tbo epidermio are not retained in 
cultured epidermal cells. Stratum comeum formation is a 
rare finding and keratohyalm garnules, a salient feature of 
stratum granuiosum cells, are only found in cultures grown 
on de-epide rm/c Ί dermal substrate (Régnier ^t ai., ^ 981 ) . 
Basa^ Іатіпа formation nas only been described in cultures 
estaoiished on a collagen-coated substrate (Hirone and Гапі-
guchi, 19/9). Also in our cultures of hair follicle kerati-
nocytes, growing on the bovine eye lens capsule, a basal 
lamina that closely follows the basal cell border is formed. 
The general differentiation pattern of the hair follicle 
keratinocytes in culture is comparable with that of human 
oral keratinocytes in vitro as described by Taichman et at. 
(1979). For instance, the cell shape, intercellular spaces, 
tonofilament occurrence, numerous interdigitations and des-
mosomes, short microvilli and a glycocalyx at the surface of 
the culture, are some of the corresponding features. Kerato-
hyalin granules could not be observed by them, nor by us. 
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Our resulti suggest the presence of те^Ьгаче coatinp ¿roules 
(MCG's), which couid not of fou^d in cultured oral keratmo-
cytes. vCG's were seer by "éqnier et a„. 1,1981) J.P culture·, 
of human epidermal keratinocvtes established on a de-epider-
-nized human dermal substrate, still containing a basal lamina, 
or on a pig skin aermal substrate, and by Miio et IL. (1980) 
m cultures of human foreskin keratinocytes, ^rowing on 
plastic. Régnier et at. could not detect MCG's η cul^ur^s 
immersed in medium, but did find t-hem m cultures growing at 
the air-l quid interface. T m s might oe an explanation for 
the poor occurrence of tne presumed MCG's in our cultures. 
Botn Régnier et α-, and Milo '^ Ji. described л terminal dif­
ferentiation towards a stra^jm corneum, a feature that we, 
like Taicnman i ii. were unable to detect, rven 1P ^1 jer 
cultures (7 weeks). 
It should br keDt in mii.d that, ч/ < " , ^erit r/Oc/r^s 
of thf» outer root sheath of hairs do not d.. f f "re101 late t J 
the -ame extent as epidermal keritinocytes, ^. •*, ••"here jr^ 
no cell layers 11 ке m stratum granulosum or> stratum corneum. 
However, the cultured hair follicle Kerat"1 nocytes do form a 
cross-linked enveiooe as de^cr-bed for cult л es oí epidermal 
кегatinooytes (Green, 1977; Sun and Green, 19/0\ GL /copen 
accumulations, a enar ас tens t ic feature о г ( J е^ root ^eath 
cells Delow the orifice of rhe sebaceous giara duct, a.re 
also found in the cultures, nainlv in the nasal layer. This 
suggests that, at least to a certain extent, nair follicie 
cells, cultured on the ±ens capsule, retain their //·; υχυο 
characteristics. 
Cultured human hair follicle keratinocytes contain poly­
peptides which represent keratins according to their solubi­
lity and molecular weight. High molecular weight keratins, 
present in the epidermal fractions and reoorted to be present 
even in the lower cell layers of the epidermis (Fuchs and Green, 
1980) are not found. Their absence from cultures of human epi­
dermal keratinocytes, immersed in culture medium, is well docu­
mented (Sun and Green, 1978; Fuchs and Green, 1980). Breitkreutz 
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et al. (1981) reported similar observations on mouse epider-
mal keratinocytes cultured on collagen type I. The authors 
described ultrastructural changes in the cultures upon air-
exposition, but no change in keratin pattern. Only when the 
cultures were transplanted onto suitable hosts, a shift 
towards larger keratins occurred. Whether hair follicle-
derived keratinocytes in these circumstances are able to 
differentiate more completely has still to be investigated. 
In the present study we have described morphological 
and biochemical characteristics of adult human scalp hair 
follicle keratinocytes, cultured on the bovine eye lens 
capsule. Because plucking of the hair follicles is a non-
invasive technique, the biopsy material is particularly 
useful for screening studies. Moreover, the use of trypsin 
to dissociate the cells, which for lens epithelial cells 
has been shown to alter some of the biochemical parameters 
(Vermorken et al., 1977) can be avoided. As a consequence, 
cultured keratinocytes, originating from plucked scalp hair 
follicles, may provide a very useful m vitro model system for 
the study of pathological conditions involving aberrant skin 
differentiation. 
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SUBCULTIVATION OF HUMAN HAIR FOLLICLE KERATINOCYTES 
SUMMARY 
A method is described for the subcultivation of human 
hair follicle keratinocytes. Primary cultures of these cells 
were grown on bovine eye lens capsules. Fragments of the co-
lonies could successfully be transplanted onto new capsules. 
After two subcultivation steps, the keratinocytes remain di-
ploid and st:11 exhibit the same pattern of protein biosyn-
thesis as primary cultures. The cultured hair follicle cells 
may be useful in investigations on genetically determined 
sensitivity towards carcinogens. 
INTRODUCTION 
Among differentiated cell types, epithelial cells have 
proved particularly difficult to establish in culture. This 
fact has seriously hampered some studies in cancer research, 
since most human tumors (carcinomas) arise in epithelial 
tissue. In recent years several new techniques have been de-
veloped that greatly lengthen the lifetime of human epithe-
lial cells in vitro. In most cases, the cells are cultivated 
on collagen or in the presence of irradiated mesenchymal 
cells with or without the support of a collagenous matrix or 
on irradiated dermis, mostly from pig skin (e.g. Lin and 
Karasek, 1978; Rheinwald and Green, 1975; Reíd and Rojkind, 
1979; Régnier et al. , 1981). Recently we developed a method 
to obtain primary cultures of pure epithelial cells, origi-
nating from human hair follicles (Wetenngs et al. , 1981). 
This technique has a number of advantages. Firstly, plucked 
scalp hair follicles contain no fibroblasts. Therefore, pure 
epithelial cell cultures are obtained without laborious mani-
pulations needed to purify cells of epidermal origin. 
Secondly, because the lens capsule is easy to handle, the 
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technique is simple compared with the culturing methods, 
where collagen gels are used as a growth substrate. 
Thirdly, the hair follicle is an ideal human biopsy tissue, 
not only because it can easily be removed, but also because 
in many cases hairs are of clonal origin. Therefore, many 
cultures of hair follicle keratmocytes will represent 
clones of human cells (Weterings et al. , 1981). 
However, since the amount of cells is necessarily small, 
the technique is useful in those cases where relatively 
small quantities of cells are required. Another disadvantage 
hitherto was that culture lifetime did not exceed 4 to 5 
weeks, as the cells could not be subcultivated. It appeared 
that under our culture conditions the mitotic capacity of 
the cells was destroyed after treatment with proteolytic 
enzymes, generally used in subcultivation procedures. 
In this paper we describe a method for subcultivation 
of human hair follicle cells by transplanting fragments of 
the primary culture. Several characteristics of the cells 
were compared with the primary culture. 
MATERIALS AND METHODS 
Cultzvatvon procedure. 
Keratinocytes originating from human hair follicles are 
cultivated as described earlier (Weterings et al. , 1981). 
Shortly, hair follicles are placed on a bovine eye lens cap-
sule, a basement membrane-like structure. The capsule was 
mounted in the Epicult, a culture dish developed in our 
laboratory (Hukkelhoven et al. , 1980), both now commercially 
available from Sanbio BV, Nistelrode, The Netherlands. 
Two weeks after initial growth the culture dish is dismoun-
ted under sterile conditions. Using a pair of tweezers, the 
lens capsule, that sticks to the central cylinder of the 
dish, is removed and transferred into culture medium. The 
culture medium used for these experiments contains: Minimal 
Essential Medium (Eagle)(MFM) with Earle's salts and 
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25 mM HEPES (Gibco), supplemented with 15% fetal bovine serum, 
0.4 u.g/ml hydrocortisone (Sigma), 4 μ§/ηι1 insulin (Organon), 
10"' M cholera toxin (Schwarz/Mann), 10 ng/ml epidermal growth 
factor (EGF) (Collab. Res.) and 50 jig/ml gentairycin (Schering). 
The hair follicle is carefully separated from the colony 
and the latter is cut into 5 mm2 pieces. These are transfer­
red onto lens capsules mounted in other dishes. A small 
amount of medium is added and the culture dishes are placed 
in an incubator with an atmosphere of 5% COi in humidified 
air. The medium is changed after two days and thereafter 
twice a week. After 2 weeks these cultures can be subcultured 
again using the same procedure. 
Ргоіегпч and ргоіеъп btooynthests. 
In order to compare the protein patterns of cells in 
primary cultures and in cultures after two subcultivation 
steps, the cultures were incubated with [3SS]methionine in 
labeling medium supplemented with 10% dialysed fetal bovine 
serum for 16 hours. After incubation the dishes were tho­
roughly rinsed with saline and dismounted. The capsule was 
carefully removed from the central part of the dish. The 
hair follicle or the piece of capsule was removed from the 
colony with the aid of a pair of tweezers. The remaining 
part of the colonies was scraped from the capsules and trans­
ferred into Eppendorf tubes. Water- and urea-soluble protein 
extracts were made as described earlier (Vermorken et al. , 
1978; Wetenngs et al. , 1980). Shortly, the cultures were five 
times frozen (-200C) and thawed in distilled water. The 
10 000 g pellet was further extracted with 6 M urea at pH 8.6 
for 30 m m at room temperature. Using a two-fold concentra­
tion of sample buffer (Laemmli, 1970), the extracts were pre­
pared for gel electrophoresis. 
Flow cylomptry. 
The DNA content of cells in secondary cultures was es­
timated using flow cytometry according to the method of 
Bauer ¡t al. , 1980). After removal of the original pieces of 
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Flg. 1. Hair fol l ic le keratinocytes growing from a 
piece of capsule onto a new capsule, 7 days after 
transplantation. (Bar: 100 μπι). 
c a p s u l e , the remaining c e l l s were t r e a t e d wi th a s o l u t i o n of 
1% t r y p s i n (Difco, 1:250) f o r 10 min a t 37 0 C. A suspens ion 
of s i n g l e c e l l s was then o b t a i n e d by s o n i c a t i o n for 5 sec 
and p r o c e s s e d for flow c y t o m e t r y . 
RESULTS 
Two days after transplantation of the fragment of the 
lens capsule the adhering hair follicle keratinocytes are 
growing onto the new capsule (fig. 1). Cells quickly regain 
their original growth rate, as is indicated by the occurrence 
of numerous mitoses. Figure 2 shows a small part of a colony 
with three mitotic figures. No morphological difference can 
be seen between the cells growing on the new capsule and re­
maining on the old capsule fragment. About 50% of the pieces 
of primary cultures transplanted onto new capsules will give 
rise to colonies of successfully growing keratinocytes. 
After a second subcultivation step the efficiency is 
30%. This result was only obtained when EGF and cholera toxin 
were added to the culture medium described earlier for the 
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Fig. 2. Four consecutive pictures of a colony of keratinocy-
tes after one subcultivation step showing three cells in mi­
tosis (arrows); (t in min). Photographs were taken using a 
Leitz Diavert phase-contrast inverted microscope. Bar: 50 μτη. 
cultivation of hair follicle cells (Weterings et al. , 1981). 
The area occupied by a full-grown colony of hair follicle 
keratinocytes is about 0.5 cm2. Because 5 mm2 pieces are 
used for transplantation, the growth surface of cells origi­
nating from a single hair follicle was about 2.5 cm2 after 
one subcultivation step and 7.5 cm2 after the second one. 
Up till now we have only occasionally been able to perform 
a third subcultivation step. The cells then become darker, 
stop dividing and eventually the cultures detach from the 
underlying lens capsule (10 to 12 weeks after initial growth). 
Incorporation studies with [35S]methionine demonstrated 
that the cells are actively synthesizing protein. Water-
and urea-soluble protein fractions from colonies after two 
subcultivation steps and from primary cultures were electro-
phoresed in sodium dodecylsulfate Polyacrylamide gels (see 
fig. 3). No differences can be observed both in the water-
and urea-soluble fractions. The autoradiograph (fig. 3B) af­
ter exposition of the dried gel also displays no difference 
between the proteins from primary and subcultivated colonies 
of hair follicle cells. 
In order to evaluate whether the keratinocytes remain 
diploid over longer periods of cultivation, cells from secon-
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Fig. 3. Sodium dodecylsulfate gel electrophuretic pat­
tern and autoradiograph of extracted protein from pri­
mary cultures and from cultures after two subcultivation 
steps. 
(A) Water- and urea-soluble protein fractions: a, water-
soluble fraction from primary cultures; b, water-soluble 
fraction from cultures after two subcultivation steps; 
c, urea-soluble fraction from primary cultures; d, urea-
soluble fraction from keratinocytes originating from 
cultures after two subcultivation steps; e, marker pro­
teins: bovine serum albumin (67 000), ovalbumin (45 000), 
and carbonic anhydrase (29 000). 
(B) Autoradiograph of the gel shown in (A). 
dary cultures (0.5 cm2 ) were brought in suspension using 
trypsin. Upon flow-cytometric analysis of these cells (see 
fig. 4) we concluded that the cultures after two subcultiva­
tion steps are still diploid. 
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Fig . 4. Histogram obtained upon flow cytometry 
showing the DNA content of ha i r f o l l i c l e kera-
t inocy tes a f t e r two subcu l t iva t ion s t e p s . As a 
reference the peak value for human leukocytes i s 
indicated (arrow). Over 97% of the c e l l s in s e -
condary cu l tu res i s d ip lo id , the remainder being 
AC c e l l s in the Gjphase of mitosis and a lso some 
c e l l clumps. 
DISCUSSION 
Cul tured human e p i t h e l i a l c e l l s can p rov ide a use fu l 
t o o l for s t u d i e s r ega rd ing cance r in man. Up t i l l r e c e n t l y , 
in p a r t i c u l a r p r o c e s s e s involved in the format ion of c a r c i -
nomas have been d i f f i c u l t to s tudy in v i t r o , because c u l t u r e 
systems of normal and mal ignant human e p i t h e l i a l c e l l s were 
not a v a i l a b l e . The c u l t u r e method developed by Green and c o -
workers us ing i r r a d i a t e d f i b r o b l a s t s as a f eede r l a y e r for 
the f i r s t t ime made e p i t h e l i a l c e l l s a c c e s s i b l e for e x p e r i -
mental approaches . Severa l b iochemica l t e c h n i q u e s , however, 
a r e hampered by the presence of the n o n - e p i t h e l i a l c e l l s in 
the c u l t u r e sys tem. We a re now ab l e to c u l t i v a t e human k e r a -
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tinocytes, originating from the outer root sheath of a single 
hair follicle, for a considerable period of time. Studies 
such as have recently been done with epidermal cells from 
murine origin (Yuspa ft al. , 1980; Breitkreutz et al. , 1981; 
for review see Fusenig et al., 1979) may eventually be possi­
ble with the aid of the described system for the cultivation 
of human epidermal cells. At this stage already, the culture 
system can be used for studies concerning metabolism of car­
cinogens in human epithelial cells. It may therefore be used 
to evaluate the suggested correlation between the inducibi-
lity of aryl hydrocarbon hydroxylase and the genetic predis­
position for lung cancer (Vermerken et al. , 1979). 
The human scalp hair follicle, isolated by means of a 
pair of tweezers, is free of dermal components because the 
dermal papilla is not extruded and also the vitreous membrane 
that surrounds the outer root sheath, completely stays behind 
(not shown; observations made by electron microscopy in co­
operation with Dr P.Η.К. Jap, Department of Histology and 
Cytology, University of Ni]megen). The presence of the bovine 
eye lens capsule as a growth substrate, as well as the pre­
sence of hormones and growth factors in the culture medium, 
is indispensable. 
Hydrocortisone and insulin were already used in the cul­
ture medium described earlier (Wetenngs et al., 1981). EGF 
is an established mitogen for epidermal keratinocytes (Rhein-
wald and Green, 1977). Cholera toxin has been shown to in­
crease the number of cells in small colonies of skin kerati­
nocytes substantially (Green, 1978). Also in our culture sys­
tem the prolonged growth potential warrants the inclusion of 
these substances in the culture medium. 
The prevalence of carcinomatous malignancies in man has 
been suggested to be due to the differential capacity of 
epithelial cells to metabolize potential carcinogens to ac­
tive forms (Fox f-t al. , 1975). This capacity is reduced in 
fibroblasts and lymphocytes. Our technique allows subculti-
vation of epithelial cells that remain diploid. This makes 
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them particularly useful in genetic studies. Hence they might 
be of interest in investigations on genetically determined 
sensitivity towards carcinogenic substances in man. 
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SERIAL CULTIVATION OF 
HUMAN SCALP HAIR FOLLICLE KERATINOCYTES 
SUMMARY 
A method is described for the serial cultivation of 
adult human hair follicle keratinocytes. Plucked scalp hair 
follicles, placed on bovine eye lens capsules as a growth 
substrate, give rise to quickly expanding colonies within a 
few days. After trypsinization, the cells are replated with 
irradiated 3T3 cells as "feeders". Using this combination of 
techniques the keratinocytes can be subcultured up to four 
times. In this way about 107 keratinocytes can be generated 
from one single hair follicle. Moreover, the technique ena-
bles cryogenic storage of the cells, which allows e.g. con-
venient transportation. Subcultured hair follicle keratino-
cytes can be plated on glass coverslips. This allows immuno-
fluorescence studies. The keratin cytoskeleton is visualized 
using an antiserum against human keratin. 
INTRODUCTION 
Over the last fifteen years, several methods for esta-
blishing cultures of normal skin keratinocytes have been de-
veloped. In early attempts disaggregated epidermal keratino-
cytes were successfully grown on a plastic substrate (Bngga-
man <Jt ai., 1967; Yuspa ft al. , 1970, Karasek and Charlton, 
1971; Fusenig, 1971; Fusenig and Worst, 1974). However, large 
inocula of the cells were necessary and serial cultivation 
was not satisfactory. In 1975, Rheinwald and Green developed 
a technique for the serial cultivation of human skin kera-
tinocytes using lethally irradiated Swiss 3T3 cells as a 
feeder layer. Concomitantly, much smaller inocula of kera-
tinocytes were sufficient to obtain growth. 
In recent years, we have employed human scalp hair fol-
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líeles, being an extremely convenient biopsy material, for 
the detection of a number of genetic disorders (Vermorken et 
al., 1981). In order to render this biopsy material more 
generally applicable, we tried to cultivate keratinocytes, 
obtained from follicles by trypsinization, in the "feeder-
cell" technique. However, this was only successful when a 
large number of hair follicles (more than 100) was used, 
which is obviously unsuitable for screening studies. There-
fore, a different method was developed for the cultivation 
of keratinocytes from one single scalp hair follicle: a 
freshly plucked follicle is simply placed on the culture 
substrate, a bovine eye lens capsule, and within a few days 
a quickly expanding colony of epithelial cells is formed 
(Wetenngs et al., 1981). This technique probably represents 
the easiest way of establishing primary cultures of purely 
epithelial cells from human skin since fibroblasts have never 
been observed in cultures of anagen follicles. 
Recently, we succeeded in the subcultivation of human 
hair follicle keratinocytes growing on lens capsules by 
transplantation of small fragments of these cultures onto 
new capsules (Wetenngs et al., 1982). However, the presence 
of the lens capsule impeded immunofluorescence studies on 
the cultured hair follicle keratinocytes. Moreover, further 
cultivation of the cells proved impossible after cryogenic 
storage. In the present report we describe a method for the 
generation of large numbers of keratinocytes originating 
from single hair follicles. It requires a combination of our 
culture technique with bovine eye lens capsules for the pri-
mary culture and the "feeder-cell" technique for subcultiva-
tion. Cryogenic storage appeared possible, and immunofluo-
rescence studies could be performed as is shown by staining 
of the keratin cytoskeleton. 
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MATERIALS AND METHODS 
Serval oulttvatbon. 
Primary cultures of keratinocytes, originating from the 
outer root sheath of human scalp hair follicles, were esta­
blished as described earlier (Wetenngs et al. , 1981). In 
brief, freshly plucked hair follicles were placed on bovine 
eye lens capsules mounted in culture dishes (Epicult, espe­
cially developed for this purpose and now commerc:ally avai­
lable from Sanbio, Nistelrode, The Netherlands). Minimal 
Essential Medium supplemented with 15% fetal bovine serum, 
0.4 μg/ml hydrocortisone and 4 ug/ml insulin was added. The 
cultures were placed in an incubator with humidified air for 
an initial period of 3 days and subsequently transferred to 
an atmosphere of 5% CO? in air. After 15 days in culture, 
stratified colonies of keratinocytes are formed around each 
hair follicle. At that time the culture dishes were dismoun­
ted and the capsules with the adhering colonies were trans­
ferred to 0.2% trypsin and 0.5% EDTA in phosphate buffered 
saline. Excess solution was carefully removed after 1 m m 
and incubation was continued for 5 more min at 37 0C. After 
the addition of culture medium the cells were gently suspen­
ded using a syringe and sedimented at 900 g. The cell pellet 
was resuspended in culture medium, and the quantity of the 
cells was determined using a hemocytometer. The contents of 
1 Epicult (about 4 χ 10" cells) were inoculated into a 90-mm 
culture dish containing IO6 3T3 cells (American Type Culture 
Collection; CCL-92) according to the method of Rheinwald and 
Green (1975). The 3T3 cells were irradiated with a dose of 
3000 г (cobalt source) (Kondo ct «/.(1979)). The medium used 
for subcultivation of the keratinocytes was Dulbecco's 
Modified Eagles' Medium supplemented with 20% fetal bovine 
serum (Boehnnger Mannheim), 0.4 |ig/ml hydrocortisone (Sigma) 
4 μg/ml bovine insulin (Organon, The Netherlands), ΙΟ-5 M 
cholera toxin (Schwarz/Mann), 10 ng/ml epidermal growth fac­
tor (Coll. Res.) and 50 ug/ml gentamycin. The cultures were 
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refed every 3 to 4 days and were further subcultured every 
2 to 3 weeks using the "feeder-cell" technique. 
Cryoqemc storage. 
For storage m liquid nitrogen the cells were released 
from the lens capsule as described above. After one wash 
with culture medium the cell pellet was resuspended in 1 ml 
of fetal bovine serum (inactivated: 30 min at 560C) contai­
ning 5% dimethyl sulfoxide (DMSO). The freeze medium was at 
40C. The cell suspension was transferred into freeze vials 
with a silicon gasket between cap and tube (Nunc, Denmark) 
and immediately moved to a -800C freezer. Under these condi­
tions the cooling rate was about 10C per min. After 24 hours 
the vials were transferred to a liquid nitrogen tank. 
To recover the cells from frozen storage the vial was warmed 
to 370C. The suspension was diluted in culture medium to 
reduce the concentration of DMSO and centnfuged at 900 g. 
The cell pellet was inoculated into a 90-mm dish in the pre­
sence of irradiated 3T3 cells. 
ОеЬегтгпаЬгоп of the colony-fогтгпу efftaipnoy. 
In order to determine the colony-forming efficiency (CFE) 
after freezing of the cells, two primary cultures of kerati-
nocytes growing on lens capsules were trypsinized as descri­
bed. Half of the cells was immediately plated together with 
106 irradiated 3T3 cells in a 90-mm dish. The other half of 
the cells was quickly frozen in freeze medium at -800C. After 
3 hours the freeze vial was transferred to a liquid nitrogen 
container and after 3 more hours the vial was thawed. The 
cells were recovered and plated as descibed above. At day 5 
the colonies with more than 10 cells were counted using a 
phase-contrast microscope. 
Indii'eat irrimunofluor< ьсепге тгсгозсору. 
An antiserum specific for keratins of human stratum 
corneum was prepared as described by Sun and Green (lQ78a), 
and tested by double diffusion in agar according to the me­
thod of Yen et al. (1976). The antiserum was oartially pun-
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fied by 50% ammonium sulfate precipitation of the immunoglo­
bulins. 
For indirect immunofluorescence microscopy, hair follicle 
keratinocytes originating from one single primary culture 
were seeded together with 2 χ 10 s irradiated 3T3 cells onto 
sterilized glass coverslips in a 50-mm culture dish. After 
5 days of cultivation, the coverslips were briefly rinsed 
with phosphate buffered saline (PBS) and fixed in a 4% 
formaldehyde solution in PBS for 15 m m at room temperature. 
The fixed cells were treated for 5 min with prechilled ace­
tone (-200C), and air-dried. 100 μΐ of the partially puri­
fied keratin antiserum (diluted 1 : 20 in PBS) was placed on 
the coverslips and incubated for 45 min at 370C in ahumidifled 
atmosphere. The coverslips were thoroughly rinsed using an 
incubator-shaker (New Brunswick Scientific Co., USA) during 
20 min at room temperature, while the buffer was changed 3 
times. Fluorescein conjugated swine anti-rabbit IgG (Dako, 
Denmark) was applied at a dilution of 1 : 40. After incubation 
for a further 45 min at 37 0C, the coverslips were rinsed in 
PBS for 20 min as above and mounted cell-side down in glyce-
rol/PBS (1:1) on slides. Nail polish was used to prevent 
evaporation. The preparations were viewed in a Zeiss micros­
cope using epifluorescence illumination and 10* and 95χ oil-
immersion objectives. Photographs were taken with Kodak 
tn-X film. 
RESULTS 
Serial cultivation. 
Primary cultures of hair follicle cells were used for 
subcultivation after two weeks of culture. Older cultures 
became progressively more stratified and contained an in­
creasing number of keratinized cells. After 2 to 3 days in 
subculture, groups of 2 to 4 keratinocytes surrounded by 3T -f 
cells were visible. These cells formed quickly expanding co­
lonies (fig. 1), pushing away the 3T3 cells and finally co-
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Fig. 1. Picture of a colony of hair follicle kera-
tinocytes surrounded by irradiated 3T3 cells. Note 
the cell division that is taking place (arrow). The 
photograph was taken using a Leitz phase-contrast 
inverted microscope (bar: 50 μη). 
vering a large area of the culture dish. The presence of 
epidermal growth factor and cholera toxin in the culture 
medium has been shown to greatly lengthen the culture life­
time and to enhance the rate of cell proliferation in cul­
tures of epidermal keratinocytes (Rheinwald and Green, 3 977; 
Green, 1978). Since we also observed a beneficial effect on 
the cultures of hair follicle cells growing on the lens cap­
sule (Weterings et al. , 1982), these substances are now rou­
tinely included in our culture medium. 
The colony-forming efficiency (CFE) of the keratinocy­
tes at their first passage, determined as described in Ma­
terials and Methods, was 1.0±0.2% (n = 4). A maximum of 4 
subcultivation steps could be performed, with gradually de­
creasing CFE. After 3 days in culture, the outgrowth from a 
single hair follicle placed on a lens capsule contained 50 
to 100 cells. In a total culture period of about 12 weeks 
approximately 10' keratinocytes can be generated from one 
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single scalp hair follicle. Compared to the external root 
sheath, which contains about 10 000 cells as judged from 
cell counts after trypsinization, the increase is 1000-fold 
during the culture lifetime. 
Cells recovered from cryogenic storage and plated in 
the presence of irradiated 3T3 cells attached to the culture 
substrate as quickly as non-frozen cells. There were no 
morphological differences between the colonies formed by 
these cells. However, the CFE of the cells after freezing 
was lower: 0.20 ±0.05% (n=4). The CFE did not decrease 
significantly upon storage of the keratinocytes for as long 
as 6 months (n=4). 
Immunofluorescence microscopy. 
The anti-keratin serum, prepared according to the Ma-
terials and Methods section, produced a strong precipitin 
band against stratum corneum keratins as well as against 
extracts from plucked hair follicles and cultured cells in 
a double diffusion assay according to Yen et al. (1976). 
Cultured hair follicle keratinocytes, when grown on glass 
coverslips in the presence of irradiated 3T3 feeder-cells, 
stained strongly with the antiserum, while the 3T3 cells 
remained unstained (fig. 2). At high magnification, a fila-
mentous pattern was revealed in the flattened part of some 
of the hair follicle keratinocytes (fig. 3). This pattern 
is comparable to that of epidermal keratinocytes as descri-
bed earlier by Sun and Green (1978b). 
DISCUSSION 
The use of hair follicles as a biopsy material for bio-
medical research and diagnosis started only a decade ago. 
In recent years the hair follicle has been increasingly used 
as an enzyme source for molecular diagnosis of inborn errors 
of metabolism (for review see Vermorken et al. , 1981). After 
the development of a method for the cultivation of hair 
follicle keratinocytes (Wetenngs et al., 3 981) this approach 
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Fig. 2. Phase-contrast microscopy and prekeratin 
immunofluorescence microscopy of the same colony of 
hair follicle keratinocytes surrounded by 3T3 cells 
Note the bright fluorescing cell in the corner of 
the colony, indicating mitosis. 
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Fig. 3. A. Keratinocyte at the border of a colony, 
showing fluorescence around the nucleus and more 
peripherically radiating into the cytoplasm. 
B. Detail of the flattened part of a well-spread 
hair follicle keratinocyte, revealing the filamen-
tous nature of prekeratin in the cell. 
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found further applications. For example, in some studies 
related to cancer, it is necessary to incubate for long pe-
riods of time with carcinogens (Breitkreutz et al. , 1981; 
Fusenig et al., 1979; Yuspa et al., 1980). This can only be 
done when cultured cells are used (Hukkelhoven et al., 1982a, 
1982b). 
We recently described a method for subcultivation of human 
hair follicle keratinocytes by means of transplantation of 
colony fragments onto new bovine eye lens capsules (Wetenngs 
et al. , 1982). This was an improvement of the culture tech-
nique described earlier (Wetenngs et al., 1981), since it 
enabled us to cultivate more cells derived from a single 
hair follicle. The present method of cocuitivation of irra-
diated 3T3 cells and hair follicle cells derived from prima-
ry cultures on bovine eye lens capsules allows serial culti-
vation of hair follicle keratinocytes. The advantage of this 
method is that the lens capsule is only essential for the 
primary culture and as a consequence about 10 times more 
cells can be generated than by transplantation. Alternative-
ly, for biochemical studies the transplantation technique is 
preferable, since the determination of biochemical parameters 
is not disturbed by the presence of other cell types, and 
since the cells have not been altered by proteolytic enzymes 
that have been shown to change some of the biochemical para-
meters of cells in culture (Vermorken et al., 1977). 
The technique presently described not only allows the 
generation of a large amount of cells, but also enables 
fluorescence studies and cryogenic storage. As a result, 
transportation of the cells between laboratories is now pos-
sible. This is especially important for the investigation of 
relatively uncommon genetic diseases that manifest themselves 
in epithelial cells. 
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CHAPTER Χ 
SERIALLY CULTURED KERATINOCYTES FROM 
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TOOL FOR CYTOGENETIC STUDIES 

SFRIALLY CULTURED KERATINOCYTES FROM HUMAN SCALP HAIR 
FOLLICLES: A POSSIBLE TOOL FOR CYTOGENETIC STUDIES 
SUMMARY 
Keratinocytes originating from adult human hair folli-
cles can be serially cultured using a combination of two 
techniques. Primary cultures are established using plucked 
scalp hair follicles and the bovine eye lens capsule as a 
growth substrate. Subsequently, cells from these cultures 
are serially cultivated in the presence of irradiated 3TJ 
cells as "feeders". By this combination of techniques many 
cells can be generated from one single hair follicle, the 
most convenient biopsy tissue possible. As a result, this 
method provides enough metaphases suitable for chromosome 
studies on human hair follicle keratinocytes. Human hair 
follicle cells m culture may therefore be used for deter-
mining individual differences in the sensitivity to sister 
chromatid exchange due to exposition to chemical carcinogens. 
INTRODUCTION 
Hair follicles may probably represent the most conve-
nient biopsy tissue in man. They are currently in use for the 
detection of some genetic diseases (for review see Vermorken 
tt al. , 1981). A recently developed technique for the culti-
vation of human hair follicle keratinocytes, requiring tho 
bovine eye lens capsule as a substrate for efficient growth 
(Wetenngs fi al. , 1981), provides new applications for hair 
follicles in biomedical research. The technique allows the 
study of these easily obtainable human epithelial cells in 
culture. This may for example enable new approaches in the 
study of cancer, in view of the predominance of carcinomas 
among human malignancies. A major drawback of the original 
method has been that chromosome studies wore impossible 
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since the lens capsule interfered with hypotonic treatment, 
fixation and spreading of the chromosomes. In the present 
study we report on the use of serially cultured hair follicle 
cells for chromosome studies on human keratinocytes. 
MATERIALS AND METHODS 
Hair follicles were plucked from the scalp of normal 
adults and primary cultures were established as described 
earlier (Wetenngs ft aL. , 1981). In brief, a bovine eye lens 
capsule was mounted in a culture dish, developed for this 
purpose (Fpicult, now commercially available from Sanbio, 
Nistelrode, The Netherlands). One freshly plucked scalp hair 
follicle (anagen phase) was placed on the capsule and cul­
tured at 37 0C. The culture medium, Eagles Minimal Essential 
Medium supplemented with 15% fetal bovine serum, 0.4 μg/ml 
hydrocortisone, 4 μg/ml bovine insulin and 50 ug/ml genta-
mycin, was changed twice weekly. 
After two weeks, the culture dish was dismounted. The 
capsule with a colony of hair follicle cells was treated 
with 0.2% trypsin and 0.5% EDTA in phosphate buffered saline 
for 5 m m at 37 0C. Culture medium was added and the cells 
were suspended using a syringe. The cell suspension was 
centnfuged (3 m m at 900 g), the supernatant decanted and 
the cell pellet washed once with medium. The cells (about 
4x10'') were then plated with 2 χ 10 5 irradiated 3T3 cells in 
a 50-mm culture dish containing four 18 »18 mm sterilized 
coverslips. The Swiss 3T3 cells (ATCC, CCL-92) were irradia­
ted with a gamma-ray dose of 3000 г as described by Rondo et 
al. , 1979). Dulbecco's Modified Eagles Medium (Gibco) sup­
plemented with 20% fetal bovine serum ( Boehnnger/Mannheim ) , 
0.4 μg/ml hydrocortisone (Sigma), 4 (ig/ml bovine insulin 
(Organon, The Netherlands), 10 ng/ml epidermal growth factor 
(Collaborative Research), 10"9 M cholera toxin (Schwarz/Mann) 
and 50 |ig/ml gentamycin was used for cultunng. The medium 
was changed twice weekly. Further subcultivation steps were 
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made using the same technique, usually 15 days after inocula­
tion. 
Chromosome preparations were usually made at day 4 or 5 
after subcultivation. Twenty-four hours before the cultures 
were processed the medium was changed. The cultures were 
treated with 1 iig/ml colchicin for 30 m m at 37CC. After 
carefully removing the medium, the cells were exposed to a 
prewarmed 0.075 M potassium chloride solution for 20 min at 
370C (hypotonic shock). Subsequently, the cells were fixed 
on the coverslips in a methanol-acetic acid (3:1) mixture. 
The coverslips were then taken out of the fixative, rapidly 
air-dried and mounted cell-side up on slides. The cells were 
differentially stained with Giemsa, after short trypsiniza-
tion (G-banding) (Seabnght, 1972; Scheres, 1972). 
RESULTS 
In order to grow human hair follicle keratinocytes on 
glass coverslips for chromosome studies, we applied the 
feeder-cell technique described by Rheinwald and Green (1975). 
Two weeks old primary cultures of hair follicle cells, grow­
ing on lens capsules, were used for subcultivation. In older 
cultures many cells became terminally differentiated. For 
the separation of the cells from the lens capsule a treatment 
with trypsin and FOTA was chosen, because trypsin alone 'n-
sufficiently severed th» intercellular contacts, although 
the cells were released from the substrate. After 15 days an 
average of 4 χ IO* keratinocytes could be obtained from one 
single primary culture. These cells were plated m plastic 
culture dishes provided with glass coverslips, together with 
irradiated 3T3 cells. Five days after inoculation small 
groups of cells could be observed (fig. 1), with cell divi­
sions scattered over the colonies. There were no morphologi­
cal differences between the colonies on coverslips and on 
the plastic growth surface of the culture dish. Epidermal 
growth factor and cholera toxin, that stimulate growth and 
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Fig. 1. A colony of hair follicle keratinocytes 
surrounded by 3T3 cells (bar: 50 μπι). The photograph 
was taken using a Leitz inverted phase-contrast mi­
croscope. 
extend the life span of epidermal keratinocytes (Rheinwald 
and Green, 1977; Green, 1978), were added to the culture 
medium. It also appeared that these substances have a bene­
ficial effect on primary cultures of hair follicle cells 
(Weterings et al. , 1982). 
In the presence of irradiated 3T3 cells, hair follicle 
keratinocytes could be subcultured up to 4 times, with gra­
dually decreasing colony-forming efficiency. Efforts to 
establish primary cultures using the feeder-cell technique 
were only successful if large numbers (more than 100) of 
hair follicles were used. 
Four to five days after inoculation the cultures seemed 
optimal for chromosome studies. Cultures beyond this time 
contained more keratinizing cells and less mitotic figures. 
Figure 2 shows a karyotype prepared from a cultured hair 
follicle cell. It appeared that spreading of the chromosomes 
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Fig. 2. Karyotype composed from a well-spread metaphase at the peri-
phery of a colony of hair follicle keratinocytes after G-banding. 
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from cells in the center of the colones was insufficient. 
As a consequence, only one out of about 20 metaphases was 
suitable for karyotyping. 
DISCUSSION 
We recently described a method for subcultivation of 
human hair follicle keratinocytes by means of transplanta-
tion of colony fragments onto new bovine eye lens capsules 
(Weterings et al., 1982). This was an extension of the ear-
lier described method (Weterings et al., 1981), since it 
enabled us to cultivate more cells from a single hair folli-
cle. For some biochemical studies the transplantation tech-
nique is preferable, since the determination of biochemical 
parameters is not disturbed by other cell types. The present 
technique of cocultivation of irradiated 3T3 cells and hair 
follicle cells derived from primary cultures on bovine eye 
lens capsules allows serial cultivation of hair follicle 
keratinocytes. The advantage of this method is that the lens 
capsule is only essential for the primary culture, and that 
even more cells can be generated than by transplantation of 
the primary culture to a second lens capsule. 
Over the last ten years techniques for the study of 
chromosomes from human cell types such as leukocytes and 
fibroblasts have been greatly improved (Seabright, 1972; 
Beek and Obe, ]975; Worthon and Duff, 1979, Rajendra et al., 
1980, Scheres et al., 1982). Chromosome studies on epithelial 
cells, however, are still scarce. Recently, Guedon et al.(1981) 
described a technique for cytogenetic studies on adult human 
epidermal keratinocytes. The addition of bovine retinal ex-
tract to their cultures, and the colcemid-treatment for 15 
hours increased the number of metaphases considerably, permit-
ting even sister chromatid exchange (SCE) studies. 
The advantage of the haar follicle as a convenient 
source of keratinocytes is obvious. However, a major problem 
in the studies of chromosomes in cells from freshly plucked 
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human hair follicles has mostly been the low number of mito-
ses (Daker, 1970; Sperling, 1971). This problem could be 
overcome by cultivation of the nair follicle keratinocytes 
(Wetenngs et al., 1981, 1982). Yet, these cultures did not 
provide suitable preparations for chromosome studies, because 
of the technical problems caused by the presence of the lens 
capsule. The two-step cultivation procedure employed in the 
present paper seems to give a good mitotic index and also a 
more suitable basis for the cytogenetical techniques currently 
used. 
Human hair follicles have been used for determining 
individual differences in the metabolism of polycyclic aro-
matic hydrocarbons in epithelial tissues (Hukkelhoven (t aL. , 
1982a, 1982b, 1982c, 1983). Therefore, hair follicle cells 
in culture might be useful for studies concerning the deter-
mination of individual differences in the sensitivity to 
sister chromatid exchange due to exposition to chemical 
carcinogens. 
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SUMMARY 
In recent years new techniques for the cultivation of 
epidermal keratinocytes have generated enormous interest 
among investigators in biomedical research. Keratinocytes 
may be used in гп vitro models of differentiation, transfor­
mation and carcinogenesis with the aim to elucidate the 
process underlying tumor formation. For dermatology the 
possibility that keratinocytes from patients with skin das-
orders may differentiate abnormally ьп vitro is of great 
interest. 
The human hair follicle is an ideal skin biopsy tissue 
in a sense that its isolation is non-invasive and therefore 
requires no medical qualification of the investigator. As a 
consequence, the hair follicle is in fact the only biopsy 
tissue that can conveniently be used for population studies. 
Basic knowledge on proteins and protein biosynthesis 
of hair still largely emerges from animal studies. Protein 
biosynthesis studies in human hair follicles could not be 
done with the harsh methods applied to experimental animals. 
However, as is described in chapter III, scintillation auto­
radiography and the relatively simple fractionation of hair 
follicle proteins in a water- and a urea-soluble fraction 
enabled the study of protein biosynthesis in individual human 
scalp hair follicles. The main sites of protein synthesis 
are the external root sheath and the matrix, as is shown by 
autoradiography of sections of hair follicles after incuba­
tion with radioactive methionine. The urea-soluble protein 
fraction contains mainly polypeptides in the range of preke-
ratin, while the water-soluble fraction is characterized by 
a wide range of polypeptides. The major polypeptides in this 
fraction have approximate molecular weights 31 000 and 42 000, 
respectively. The latter one was subsequently isolated and 
identified as actin (see chapter IV). 
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The water-soluble fraction, conveniently obtained by 
five times freezing and thawing, appears to contain native 
proteins. This fraction has been used for enzyme determina-
tions for detection of heterozygotes in inborn errors of 
metabolism. An example of such an application is described 
m chapter II: the use of anagen-phase scalp hair follicles 
for the diagnosis of Fabry's disease, an X-linked genetic 
disorder with a defective a-galactosidase activity as its 
molecular basis. Since the hair follicle contains several 
cell types in various states of differentiation, the distri-
bution of enzymes will not be homogeneous. Moreover, plucking 
of hairs results in varying amounts of extracted tissue, 
particularly of bulb and outer root sheath. Therefore, a 
reference enzyme was chosen, having the same distribution 
over the hair follicle as a-galactosidase. Acid phosphatase 
fulfils this criterion. The utility of hair follicles for 
detection of Fabry's disease appeared even more important by 
the finding that the respective enzymes m the hair follicle 
have a tremendous stability at room temperature, allowing 
mailing of hair follicles for enzyme analysis. This is of 
particular interest since most patients first consult a der-
matologist, who generally has no facilities for enzyme de-
terminations. 
The urea-soluble fraction comprises mainly prekeratin 
and thus allows convenient studies of these major proteins 
in hair follicle cells and in principle enables detection of 
alterations in the polypeptide composition related to diffe-
rentiation of the keratinocytes. However, the fact that pro-
tein biosynthesis in isolated hair follicles remains linear 
for only five hours (see chapter III) impedes their applica-
tion for differentiation studies involving longer periods 
of investigation in vitro. This problem could be circumvented 
by cultivation of the keratinocytes. A method was developed 
to allow this cultivation, requiring the bovme eye lens cap-
sule as a growth substrate (chapter V). The protein biosyn-
thesis of the cultured cells has been studied which revealed 
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polypeptide composition resembles that of the external root 
sheath from which the cultured cells appear to originate 
(chapter VI). In chapter VII, the morphology of cultured 
hair follicle keratinocytes, studied by light microscopy and 
by transmission and scanning electron microscopy, is descri­
bed. The results suggest that differentiation which takes 
place m ггго resembles that of cultured epidermal cells. 
Cultures of hair follicle keratinocytes may therefore be a 
useful model system for investigations on skin diseases 
associated with abnormal differentiation. 
Since fibroblasts were never seen in cell cultures from 
hair follicles, the establishment of primary cultures of 
pure keratinocytes is now highly simplified. This is especi­
ally of interest because of the shortage of culture models 
of normal human epithelial cells, in particular for studies 
on the processes underlying carcinogenesis. The use of epi­
thelial cells for these studies is relevant since the preva­
lence of carcinomas in man (80-90% of all malignancies) has 
been suggested to be due to the relatively high capacity of 
epithelial cells to metabolize potential carcinogens to ac­
tive forms. 
The "feeder-cell" technique for the cultivation of epi­
dermal keratinocytes with irradiated mouse cells (see chapter 
I) is not very convenient for the use of hair follicle cells 
in metabolic studies for two reasons. Firstly, the cocultured 
murine cells are still metabolically active, and secondly, 
in order to obtain growth in the presence of "feeders", more 
than 100 hair follicles have to be dissociated by trypsin. 
Studies on the metabolism of a prototype carcinogen, the 
polycyclic aromatic hydrocarbon benzo(a)pyrene, revealed that 
the enzyme aryl hydrocarbon hydroxylase is present both in 
the hair follicle and in cultured hair follicle cells. This 
allows studies on the suggested relationship between the 
genetically determined inducibility of this enzyme and bron­
chial tumor incidence. In man such a relationship has not yet 
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unequivocally been demonstrated. It cannot be excluded that 
the hair follicle as an epithelial tissue, which metabolizes 
polycyclic aromatic hydrocarbons in the same way as bronchial 
epithelium, will allow verification of the hypothesis mentio­
ned above. 
The period that keratinocytes in primary cultures pro­
liferate is limited to about five weeks. However, transplan­
tation of small fragments of the culture onto new capsules 
leads to a new period of growth, provided that this is done 
within three weeks. This procedure is described in chapter 
VIII. After two subcultivation steps, the keratinocytes have 
remained diploid and still exhibit the same pattern of pro­
tein biosynthesis as primary cultures. The total culture 
lifetime of the cells is more than doubled compared to the 
primary cultures allowing their eventual use for cell trans­
formation studies. 
About 5 χ 10 5 cells can be obtained by the transplanta­
tion procedure. Even more cells could be obtained by another 
technique for subcultivation of keratinocytes. The method is 
described in chapter IX and comprises a combination of the 
culture method using lens capsules and the "feeder-cell" 
technique. In this way the cells can be subcultured up to 
four times and about 10' keratinocytes can be generated from 
one single scalp hair follicle. The technique also allows 
cryogenic storage of the cells, which enables convenient 
transportation between laboratories. 
The use of the lens capsule as a substrate for the hair 
follicle keratinocytes has impeded their use for immunofluo­
rescence studies or chromosome investigations. Th:s disad­
vantage has been overcome by the technique using murine 
"feeder-cells" for subcultunng. The cells can be inoculated 
on g]ass coverslips and this allows immunofluorescence stu­
dies. The keratin cytoskeleton of cultured keratinocytes 
is visualized using an antiserum against human prekeratin. 
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The finding that chromosome abnormalities in principle 
can be detected in cultured hair follicle keratinocytes, is 
described in chapter X. The culture technique provides enough 
metaphases to allow sister chromatid exchange studies as 
well. This is especially of interest for the detection of 
potential individual differences in sister chromatid exchange 
upon exposition to chemical carcinogens. 
In conclusion, the presented techniques have substanti-
ally extended the applicability of human scalp hair follicles 
as a biopsy material for studies in toxicology, genetics and 
dermatology. 
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SAMENVATTING 
In de laatste jaren hebben nieuwe technieken voor de 
celkweek van epidermale keratinocyten veel belangstelling 
gewekt bi] onderzoekers in de biomedische research. Keratino-
cyten kunnen worden gebruikt in m vitro modellen voor dif-
ferentiatie, cel transformatie en carcinogenese, ter ophelde-
ring van het proces dat tot tumorvorming leidt. Voor de 
dermatologie is de mogelijkheid dat keratinocyten van patiën-
ten met huidafwiikingen m vttro abnormaal differentieren van 
groot belang. 
De haarwortel is een ideaal huidbiopt in die zin, dat 
de biopsie-afname niet invasief geschiedt en de onderzoeker 
daarom geen medische kwalifikaties behoeft. Dientengevolge 
is de haarwortel in feite hét biopsiematenaal, dat gemakke-
lijk gebruikt kan worden voor bevolkingsonderzoeken. 
Fundamentele kennis van haar-eiwitten en -eiwitbiosyn-
these komt nog steeds voornamelijk uit onderzoek met dieren. 
Eiwitbiosynthese-studies konden niet in menselijke haarwortels 
worden gedaan met de methoden die op dieren werden toegepast. 
Daarentegen maakten scintillatie-autoradiografie en de betrek-
kelijk eenvoudige scheiding van haarwortel-eiwitten in een 
water- en een ureum-oplosbare fractie het mogelijk de eiwit-
biosynthese van één hoofdhaar van de mens te bestuderen, zo-
als beschreven is in hoofdstuk III. De eiwitsynthese is voor-
namelijk gelokaliseerd in de buitenste wortelschede en in de 
matrix, zoals aangetoond werd met autoradiografie van coupes 
van haarwortels na incubatie met radioaktief methionine. De 
ureum-oplosbare eiwitfractie bevat hoofdzakelijk Polypeptiden 
ter grootte van orekeratine, terwijl de water-oplosbare fractie 
gekenmerkt wordt door een heel spectrum van Polypeptiden. De 
belangrijkste Polypeptiden in deze fractie hebben een molecuul-
gewicht van ongeveer 31000 en 42 000. Het laatste polypeptide 
is geïsoleerd en geïdentificeerd als actine (zie hoofdstuk IV ) . 
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De water-oplosbare fractie, eenvoudig verkregen door vijf 
maal bevriezen en ontdooien van de haarwortels, bliikt eiwit­
ten in de natieve vorm te bevatten. Deze fractie is gebruikt 
voor enzymbepalingen ter detectie van heterozygoten voor 
erfelijke afwijkingen van het metabolisme. Een voorbeeld van 
zo'η toepassing is beschreven in hoofdstuk II: het gebruik 
van hoofdhaarwortels in de anageen-fase voor de diagnose van 
de ziekte van Fabry, een X chromosomale afwijking met een de­
fecte α-galactosidase activiteit als moleculaire basis. Omdat 
de haarwortel verscheidene celtypen in verschillende diffe-
rentiatiefasen bevat, is de verdeling van enzymen niet geli]k-
matig. Bovendien resulteert het uittrekken van haren in vari­
ërende hoeveelheden van de substructuren, met name van bulbus 
en buitenste wortel schede. Daarom werd gezocht naar een refe-
rentie-enzym dat dezelfde verdeling over de haarwortel heeft 
als a-galactosidase. Zure fosfatase bleek aan dat criterium 
te voldoen. De bruikbaarheid van haarwortels voor de detectie 
van de ziekte van Fabry bleek nog duidelijker door de vinding 
dat de betreffende enzymen in de haarwortel bij kamertempera-
tuur enorm stabiel zijn, waardoor het per post verzenden van 
haarwortels voor enzymbepalingen mogeliik is. Dat is van belang 
omdat de meeste patiënten in eerste instantie een dermatoloog 
consulteren, die in het algemeen geen faciliteiten voor enzym-
bepalingen heeft. 
De ureum-oplosbare fractie bevat hoofdzakelijk prekera-
tine en maakt derhalve bestudering mogeliik van deze kwantita-
tief belangrijkste eiwitten in haarwortelcellen. Dit staat in 
beginsel de detectie toe van veranderingen in de samenstelling 
van deze Polypeptiden, gerelateerd aan de differentiatie van 
de keratinocyten. Niettemin, het feit dat de eiwitbiosynthese 
in uitgetrokken haarwortels slechts vijf uur lineair blijft 
(zie hoofdstuk III) staat hun toepassing voor differentiatie-
onderzoek gedurende langere perioden in vxtro in de weg. Dit 
probleem kon worden omzeild door celkweek van de keratinocyten. 
Daartoe werd een kweekmethode ontwikkeld, waarbij het runder-
ooglenskapsel als groeisubstraat vereist is (hoofdstuk V). 
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De eiwitbiosynthese van de gekweekte cellen werd bestudeerd 
hetgeen opleverde dat de polypeptide-samenstelling Irjkt op 
die van de buitenste wortelschede, waaruit de gekweekte cellen 
bleken te ontstaan (hoofdstuk VI). In hoofdstuk VII ι s de 
morfologie van gekweekte haarwortelkeratinocyten beschreven, 
bestudeerd met lichtmicroscopie en transmissie en scanning 
electronenmicroscopie. De resultaten suggereren dat de diffe­
rentiatie гп vttro lijkt op die van gekweekte epidermale 
cellen. Derhalve kunnen kweken van haarwortelkeratinocyten 
een bruikbaar modelsysteem ζηη voor onderzoek aan huidziekten 
waarbi] een abnormale differentiatie optreedt. 
Aangezien nooit fibroblasten in de celkweken van haar­
wortels zr\n gezien, is het opzetten van primaire kweken van 
zuivere keratinocyten nu enorm vereenvoudigd. Dat is in het 
bijzonder van belang met het oog op het tekort aan kweekmo-
dellen van normale epitheelcellen van de mens, met name voor 
bestudering van de processen aan de basis van carcinogenese. 
Bij de mens maken carcinomas 80 tot 90 percent van alle vormen 
van kanker uit. Men veronderstelt dat dit veroorzaakt wordt 
door het relatief hoge vermogen van epitheelcellen om poten­
tiële carcinogenen tot de aktieve vorm te metaboliseren. 
Daarom is het gebruik van epitheelcellen voor carcinogenese-
studies belangrijk. 
Om twee redenen is de "feeder-cell"-techniek voor de 
celkweek van epidermale keratinocyten met bestraalde muize-
cellen (zie hoofdstuk I) niet erg geschikt voor het gebruik 
van haarwortelcellen bij metabolisme-onderzoek. In de eerste 
plaats zijn de meegekweekte muizecellen metabolisch nog aktief, 
en in de tweede plaats zijn voor het kweken van haarwortelcel-
len in aanwezigheid van de "feeders" de met behulp van tryp-
sine gedissocieerde cellen van meer dan 100 haarwortels nodig. 
Onderzoek aan het metabolisme van een model-carcinogeen, 
de polycyclische aromatische koolwaterstof benzo(a)pyreen, 
wees uit dat het enzym aryl koolwaterstof hydroxylase zowel 
in de haarwortej als in de gekweekte haarwortelcellen aanwe-
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zig is. Dat maakt onderzoek mogelijk naar de veronderstelde 
relatie tussen de erfelijk bepaalde induceerbaarhe: d van dit 
enzym en longtumor-incidentie. Bij de mens is zo'n relatie 
nog niet ondubbelzinnig aangetoond. Het kan niet worden uit­
gesloten dat de haarwortel, als epitheelweefsel dat poly­
cyclische aromatische koolwaterstoffen op dezelfde wijze 
metaboliseert als long-epitheel, de bevestiging van de boven 
vermelde hypothese mogelijk maakt. 
De periode gedurende welke keratinocyten in primaire 
celkweek prolifereren is beperkt tot ongeveer vijf weken. 
Transplantatie van kleine fragmenten van de kweek op nieuwe 
lenskapsels leidt echter tot een nieuwe periode van groei, 
als dat tenminste binnen drie weken wordt gedaan. Die proce­
dure is beschreven in hoofdstuk VIII. Na twee subcultivatie-
stappen zijn de keratinocyten nog steeds diploid en hebben ze 
hetzelfde eiwitsynthese-patroon als primaire kweken. De 
totale tijd dat de gekweekte cellen blijven delen is meer dan 
verdubbeld, vergeleken met de primaire kweek, waardoor ze 
te zijner ti)d voor cel transformatie-onderzoek kunnen worden 
gebruikt. 
Ongeveer 5 χ IO5 cellen kunnen worden verkregen met de 
transplantatie-procedure. Nog meer cellen kunnen worden ver­
kregen met een andere techniek voor subcultivatie van kera­
tinocyten. Die methode is beschreven in hoofdstuk IX en omvat 
een combinatie van de kweekmethode met gebruik van het lens-
kapsel en de "feeder-cell"-techniek. Op die manier kunnen de 
cellen tot vier keer worden overgezet en kunnen ongeveer 10' 
keratinocyten worden verkregen van een enkele hoofdhaarwortel. 
De techniek maakt ook het invriezen van de cellen mogelijk, 
waardoor ze gemakkelijk tussen verschillende laboratoria 
kunnen worden vervoerd. 
Het lenskapsel als substraat heeft het gebruik van ge­
kweekte haarwortelkeratinocyten voor immuunfluorescentie-
studies of chromosomen-onderzoek verhinderd. Deze beperking 
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is weggenomen door de techniek voor het overzetten van de 
cellen samen met muize-feedercellen. De keratinocyten kunnen 
worden uitgezaaid op dekglaasjes en daardoor worden imrnuun-
fluorescentie-studies mogeliik. Het keratine-celskelet van 
gekweekte keratinocyten is zichtbaar gemaakt met een anti-
serum tegen prekeratine van de mens (hoofdstuk IX). 
De vinding dat chromosoom-afwijkingen bi] de mens in 
principe in gekweekte haarwortelkeratinocyten kunnen worden 
aangetoond is beschreven in hoofdstuk X. Door de kweektech-
niek kunnen bovendien voldoende metafases worden verkregen 
voor sister chromatid exchange (SCE) onderzoek. Dat is in 
het bijzonder van belang voor de detectie van individuele 
verschillen in SCE's ten gevolge van blootstelling aan 
chemische carcinogenen. 
Concluderend kan gesteld worden, dat de beschreven 
technieken een aanzienlijke bijdrage hebben geleverd aan de 
toepassingsmogelijkheden van de hoofdhaarwortcl van de mens 
als biopsiematenaal voor onderzoek in de toxicologie, 
genetica en dermatologie. 
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STELLINGEN 
I 
Voor het verkrijgen van een celkweek van uitsluitend kera-
tinocyten van de mens is de hoofdhaarwortel het biopsie-
materiaal bij uitstek. 
II 
Het verdient aanbeveling voor het vaststellen van eventuele 
genetisch bepaalde verschillen in gevoeligheid voor trans-
formatie van menselijke epitheelcellen door chemische of 
fysische mutagenen gekweekte haarwortel-keratinocyten te 
gebruiken. 
III 
Hoogmoleculaire kératines (molecuulgewicht groter dan 
60 000) worden gebruikt als vroege biochemische markers 
voor de terminale differentiatie van de epidermale kerati-
nocyt tot stratum corneum-cel in vitro (e.g. Breitkreutz 
et al., 1980; Fuchs en Green, 1981). 
Dat hoogmoleculaire kératines karakteristiek zouden zijn 
voor de epidermale stratum corneum (Fuchs en Green, 1981) 
is echter in tegenspraak met de experimentele gegevens van 
dezelfde auteurs (Fuchs en Green, 1980). 
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IV 
Gezien de door Shen en Smithies geconcludeerde afwezigheid 
van een eerder gepostuleerd tßj pseudogen in het humane 
В globine gen cluster (Fritsch et al., 1980), dienen resul­
taten verkregen met de Southern techniek met meer omzichtig­
heid als voorheen te worden geïnterpreteerd. 
Fritsch, E.F., Lawn, R.M. en Maniatis, T. (1980) Cell 19:959. 
Shen, S. en Smithies, 0. (1982) Nucí. Ac. Res. 10: 7809. 
V 
Het is bevreemdend dat het effect van coating van het groei-
substraat met "bullous pemphigoid" antigeen op de hechting 
en proliferatie van keratinocyten niet is onderzocht. 
VI 
Gezien de bewezen maar vooralsnog onbegrepen rol van de 
dermis in de Pathogenese van psoriasis (van de Kerkhof et 
al., 1982), dienen resultaten verkregen uit experimentele 
recombinatie van psoriatische epidermis-cellen en dermale 
componenten van een andere oorsprong met grote omzichtigheid 
te worden gehanteerd. 
Van de Kerkhof, P.C.M., van Rennes, H., de Grood, R.M., 
Bauer, F.W. en Mier, P.D. (1982) Proc. Dutch Fed. Meeting 
1982, p. 229. 
VII 
Het vereenvoudigen van juridische procedures, in het bijzonder 
het niet verplicht stellen van procesvertegenwoordiging, kan 
uit het oogpunt van rechtsbescherming slechts tot een opti-
maal resultaat leiden wanneer wordt uitgesloten dat de burger 
het risico loopt een verkeerde procedure te kiezen. In dit 
verband verdient het denkbeeld van de Staatscommissie Herzie-
ning Rechterlijke Organisatie dat alle juridische procedures 
bij één rechterlijke instantie moeten worden ondergebracht 
ondersteuning. 
VIII 
Bij de farmacotherapie van de oudere hypertensie-patient 
wordt in het algemeen te weinig rekening gehouden met de 
pathofysiologische toestand behorend bij die leeftijd. 
IX 
Het is algemeen bekend dat arsenicum-vergiftiging met 
behulp van hoofdharen van het slachtoffer post-mortem kan 
worden aangetoond. Het nut van haren als monitoren voor 
de lichaamsstatus van andere spoorelementen is voorshands 
twi]felachtig. 
Valkovic, V. en Rendic, P. (1981) in: Hair Research (Orfanos, 
Montagna en Stuttgen, eds.), p. 129. 
Houtman, J .P.W. (1983) Ned. Tijdschr. Geneesk. ( in p r e s s ) en 
persoonlijke mededel ing. 
X 
Het feit dat de adviescommissie Mensenrechten van het minis-
terie van Buitenlandse Zaken nog steeds niet bestaat doet 
twijfel rijzen aan de stelling van de Nederlandse regering 
dat „de bevordering van de eerbiediging en het genot van de 
mensenrechten een centraal bestanddeel vormt van het buiten-
lands beleid" (Memorie van Toelichting bij de begroting 1983 
van Buitenlandse Zaken, p. 52). 
XI 
Het opnemen van een evenredig aantal leden van culturele 
minderheden stelt de Amsterdamse politie op bijzondere wijze 
in de gelegenheid zich te bezinnen op de invloed van cultu-
reel bepaalde waarden en normen op beslissingen van de 
wijkagent. 
XII 
De gewoonte om kamerconcerten in concertzalen uit te voeren 
vraagt om een naamsverandering. 
Peter J.J.M. Weterings 14 april 1983 


